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Abstract. Dawn–dusk asymmetries are ubiquitous features
of the coupled solar-wind–magnetosphere–ionosphere sys-
tem. During the last decades, increasing availability of satel-
lite and ground-based measurements has made it possible to
study these phenomena in more detail. Numerous publica-
tions have documented the existence of persistent asymme-
tries in processes, properties and topology of plasma struc-
tures in various regions of geospace. In this paper, we present
a review of our present knowledge of some of the most
pronounced dawn–dusk asymmetries. We focus on four key
aspects: (1) the role of external influences such as the so-
lar wind and its interaction with the Earth’s magnetosphere;
(2) properties of the magnetosphere itself; (3) the role of the
ionosphere and (4) feedback and coupling between regions.
We have also identified potential inconsistencies and gaps in
our understanding of dawn–dusk asymmetries in the Earth’s
magnetosphere and ionosphere.
Keywords. Magnetospheric physics (magnetosphere–
ionosphere interactions; magnetospheric configuration and
dynamics; solar-wind–magnetosphere interactions)
1 Introduction
In recent years, increasing availability of remotely sensed
and in situ measurements of the ionosphere, magnetosphere
and magnetosheath have allowed ever-larger statistical stud-
ies to be carried out. Equally, advances in technology and
methodology have allowed increasingly detailed and realistic
simulations. These studies and simulations have revealed sig-
nificant, persistent dawn–dusk asymmetries throughout the
solar-wind–magnetosphere–ionosphere system. Dawn–dusk
asymmetries have been observed in the Earth’s magnetotail
current systems and particle fluxes; in the ring current; and
in polar cap patches and the global convection pattern in the
ionosphere. Various authors have related these asymmetries
to differences in solar illumination, ionospheric conductiv-
ity and processes internal to the magnetosphere. Significant
dawn–dusk asymmetries have also been observed in the ter-
restrial magnetosheath, and there is evidence that plasma en-
try mechanisms to the magnetotail, for example, operate dif-
ferently in the pre- and post-midnight sectors.
The purpose of this review is to identify and collect current
knowledge about dawn–dusk asymmetries, examining the
solar-wind–magnetosphere–ionosphere system as a whole.
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We consider the roles that coupling between the solar wind
and magnetosphere, between the magnetosphere and iono-
sphere, and between different plasma regimes within the
magnetosphere itself play in creating and supporting these
asymmetries. We provide a schematic summary of current
understanding of dawn–dusk asymmetries (Fig. 18), and also
highlight inconsistencies and gaps in this knowledge, identi-
fying possible directions for future work in this area.
2 Observed asymmetries
In this section we review the various dawn–dusk asym-
metries that have been observed in the solar-wind–
magnetosphere–ionosphere system.
2.1 Solar wind and interplanetary magnetic field
The outer layers of geospace, from the foreshock inward
through the magnetosheath to the magnetopause, are formed
from the incident solar wind perturbed by the terrestrial mag-
netic field. A number of dawn–dusk asymmetries arise in
these regions. The first asymmetry comes from the orbital
motion of the Earth around the Sun. This motion causes the
direction of the solar wind flow in a geocentric reference
frame to be aberrated from the Earth–Sun line by roughly
four degrees for a typical solar wind velocity. This provides
a natural axis of symmetry for studies of dawn–dusk asym-
metries in the magnetospheric system and is often called an
“aberrated” coordinate system.
The second upstream asymmetry comes from the average
orientation of the interplanetary magnetic field (IMF) perme-
ating the solar wind. The IMF vector is variable, but the aver-
age orientation follows the Parker spiral. Since the direction
is typically not aligned with the solar wind flow, an asym-
metry is introduced to the magnetospheric system due to a
different orientation of IMF with respect to the bow shock
normal in the dawn and dusk sectors. Figure 1 shows the av-
erage properties of the IMF; the two maxima in the BX and
BY histogram correspond to the inward and outward Parker
spiral orientation.
2.1.1 Foreshock
The foreshock is the region of the solar wind magnetically
connected to the bow shock. Its geometry, properties and lo-
cation are mediated by the IMF. Under the typical Parker spi-
ral IMF, the foreshock is formed on the dawn side, where
the angle between IMF and the shock normal (2Bn) is small
and the particles can more easily cross the shock front. Since
the IMF and bow shock normal vector are close to parallel
this region is called the quasi-parallel shock, as opposed to
the quasi-perpendicular shock, where IMF is nearly tangent
to the shock surface and the foreshock is not formed. The
generation of the foreshock therefore provides an upstream
“boundary condition” for magnetosheath processes that vary
between the dawn and dusk sides.
The foreshock differs from the pristine unperturbed so-
lar wind by the presence of particles (electrons and ions)
back-streaming away from the shock. These particles are re-
sponsible for the generation of various waves in the fore-
shock plasma. Both the particles and plasma oscillations can
be convected back to the shock and drive shock or magne-
tosheath oscillation. A detailed review of foreshock proper-
ties can be found in Eastwood et al. (2005b); here we review
only aspects relevant to asymmetries induced farther down-
stream.
The foreshock region is conventionally divided into two
parts – electron and ion. The electron foreshock, the
upstream-most part adjacent to the IMF line tangent to the
shock, populated by back-streaming electrons only and as-
sociated electron plasma waves (Filbert and Kellogg, 1979).
The processes in the electron foreshock have very little in-
fluence on the shock and the magnetosheath. On the other
hand, the processes in the ion foreshock, where reflected and
back-streaming ions are also present (Meziane et al., 2004),
influence the bow shock and the magnetosheath significantly.
Figure 2 shows the geometry and magnetic field config-
uration of the ion foreshock, bow shock and magnetosheath.
The distribution function plots show the diffuse hot ions leak-
ing from the quasi-parallel shock back into the solar wind
(Gosling et al., 1989). The ultra-low frequency (ULF) waves
in the ion foreshock were identified as fast-mode magne-
tosonic waves, generated by the ion beams (Archer et al.,
2005; Eastwood et al., 2005a). Note that the region populated
by waves is a sub-section of the ion foreshock, separated by
a clear boundary, called the foreshock compressional bound-
ary (e.g. Omidi et al., 2009).
The foreshock ULF waves are typically propagating up-
stream in the plasma rest frame, but are convected down-
stream by the solar wind and enter the quasi-parallel shock
region, modulating the shock (Sibeck and Gosling, 1996) and
possibly being transmitted in the magnetosheath (Engebret-
son et al., 1991), as discussed in Sect. 2.1.2. Since the fore-
shock only occupies the area upstream of the quasi-parallel
shock, this transmission of foreshock oscillations in the mag-
netosheath only occurs on the quasi-parallel side of the mag-
netosheath (dawn side for Parker spiral IMF orientation), in-
troducing a dawn–dusk asymmetry into the magnetosheath.
2.1.2 Magnetosheath asymmetries
Standing fast-mode waves known as bow shocks decelerate
and deflect the supersonic and super Alfvénic solar wind, en-
abling it to pass around planetary and cometary obstacles
throughout the heliosphere. The transition region between
a bow shock and its obstacle is called the magnetosheath.
Early theoretical considerations proposed dawn–dusk asym-
metries of density, temperature, pressure and bulk flow
within the magnetosheath (Walters, 1964). These predictions
Ann. Geophys., 32, 705–737, 2014 www.ann-geophys.net/32/705/2014/
A. P. Walsh et al.: Dawn–dusk asymmetries 707
-10 -5 0 5 10
Bx [nT]
0
5x104
10x104
15x104
20x104
25x104
#
 S
o
la
r 
W
in
d
 M
ea
su
re
m
en
ts
-10 -5 0 5 10
By [nT]
0
5x104
10x104
15x104
20x104
25x104
#
 S
o
la
r 
W
in
d
 M
ea
su
re
m
en
ts
-10 -5 0 5 10
Bz [nT]
0
10x104
20x104
30x104
40x104
#
 S
o
la
r 
W
in
d
 M
ea
su
re
m
en
ts
OMNI Interplanetary Magnetic Field
2002 - 2013
Figure 1. Histograms of interplanetary magnetic field built from 1min OMNI data over one solar cycle (January 2002 to August 2013).
Each panel shows a histogram of one IMF component in the GSE coordinate system. The two maxima in the BX and BY plots correspond
to inward and outward Parker spiral direction, the most probable IMF orientation.
Figure 2. Schematic view of the foreshock, bow shock and
magnetosheath of the Earth. The ripples in the magnetic field
represent foreshock ULF waves and turbulence downstream of
quasi-parallel shock. Distribution function plots show the field-
aligned ion beams (close to the ion foreshock boundary) and the
diffuse (close to the quasi-parallel shock) ions. Adapted from
Balogh and Treumann (2013).
were based on differing Rankine–Hugoniot shock jump con-
ditions with a magnetic field parallel or perpendicular to the
bow shock. A Parker spiral magnetic configuration incident
upon the bow shock would introduce the necessary geometry
for dawn–dusk asymmetries.
Since these early theoretical predictions, a number of sta-
tistical studies have been conducted with a variety of space-
craft and have found a range of asymmetries in the magneto-
sheath (see summary in Table 1). One parameter that has
been studied by a number of authors is the ion plasma den-
sity. Although higher ion density was observed in the dawn
magnetosheath through a number of studies, the magnitude
of this asymmetry varied from 1 to 33%. Several studies pro-
posed an IMF source of the asymmetry, but were unable to
confirm this through binning the measurements by upstream
IMF (Paularena et al., 2001; Longmore et al., 2005). One
possible reason for this result is the limited statistics avail-
able for ortho-Parker spiral IMF, or an IMF when the quasi-
parallel bow shock is on the duskside.
Walsh et al. (2012) proposed that the density asymmetry
resulted from an asymmetric bow shock shape in response
to the direction of the IMF. The bow shock is a fast-mode
wave, which travels faster perpendicular to a magnetic field
than parallel to it (Wu, 1992; Chapman et al., 2004). This
results in a bow shock that is radially farther from the Earth
on the duskside than the dawn when the IMF is in a Parker
spiral orientation. Figure 3 shows the impact of the IMF an-
gle on the bow shock position and Alfvénic Mach number
through magnetohydrodynamics (MHD). An additional fea-
ture shown in the figure is that the asymmetry is a function
of the Alfvénic Mach number. Since the average Alfvénic
Mach number in the solar wind varies with the phase of the
solar cycle (Luhmann et al., 1993), the magnitude of the den-
sity asymmetry in the average magnetosheath should also
vary with phase of the solar cycle (larger asymmetry during
solar minimum). Walsh et al. (2012) looked at the average
Alfvénic Mach number during each of the past studies and
found good agreement with the expected trend in the den-
sity asymmetry. An asymmetric bow shock position resulting
from the Parker spiral IMF also explains the asymmetries ob-
served in ion temperature and magnetic field (see Table 1).
2.1.3 Waves and kinetic effects in the magnetosheath
In addition to asymmetries in plasma moments and mag-
netic field magnitude in the magnetosheath, there are also
observed asymmetries in the waves and kinetic effects. Since
the first spacecraft observations, it has been known that the
magnetosheath is populated by turbulent field and plasma os-
cillations covering the frequency range from the timescale of
www.ann-geophys.net/32/705/2014/ Ann. Geophys., 32, 705–737, 2014
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Figure 3. Adapted from Chapman et al. (2004). The bow shock position and plasma density is shown from MHD simulations with varying
Alfvénic Mach number and magnetic field orientation. From left to right the Alfvénic Mach number decreases. From top to bottom the
orientation of the magnetic field changes from close to parallel to the flow direction to 90  from it.
minutes to well above the ion plasma frequency. Early works
suggested that magnetic field fluctuations can originate both
from the upstream solar wind and foreshock, as well as from
the magnetopause, while some are generated by plasma in-
stabilities within the magnetosheath itself (for a review, see
Fairfield, 1976).
Fairfield and Ness (1970) noted a dawn–dusk asymme-
try in the amplitude of magnetic field oscillations. Later
systematic studies with the aid of an upstream solar wind
monitor have established that the IMF BY component and
consequently the 2Bn parameter of the upstream shock are
important factors in determining the properties of magne-
tosheath fluctuations. Luhmann et al. (1986) demonstrated
an increased level of magnetosheath field fluctuations (us-
ing 4 s resolution data) behind the quasi-parallel shock. Two
decades later, Shevyrev et al. (2007) showed that the direc-
tion of the field varied much more in the quasi-parallel mag-
netosheath than in the quasi-perpendicular. This effect is vi-
sualised in Fig. 4 adapted from Petrinec (2013), who pre-
sented a global view of magnetosheath field fluctuations us-
ing median magnetic field measurements from Geotail obser-
vations, restricted to Parker spiral IMF direction.
The above studies confirmed that the quasi-parallel shock
is a more efficient source of magnetosheath oscillations at
longer timescales (wave periods > 1min) and that the os-
cillations resemble solar wind turbulence. Controversy re-
mains concerning the precise generating mechanism of the
turbulence at the quasi-parallel shock. Locally generated
turbulence at the shock (Greenstadt et al., 2001; Luhmann
et al., 1986) and transmission of upstream foreshock fluctu-
ations (Engebretson et al., 1991; Sibeck and Gosling, 1996;
Neˇmecˇek et al., 2002) were proposed. Gutynska et al. (2012)
investigated multi-spacecraft correlations between the mag-
netosheath and solar wind and concluded that fluctuations
with wave periods larger than 100 s can often be traced back
to solar wind fluctuations, while smaller-scale fluctuations
are not correlated with upstream waves.
Consistent with this result, field and plasma oscillations in
the quasi-perpendicular magnetosheath are typically smaller
in amplitude and more compressive in nature (e.g. Shevyrev
et al., 2007). This can be explained by the dominance of lo-
cally generated kinetic waves and, most importantly, mir-
ror modes. Magnetosheath ions are characterised by rela-
tively high   (> 1) and significant temperature anisotropy
T?/Tk > 1, giving rise to two kinetic instabilities – ion
cyclotron instability and mirror instability. In the magne-
tosheath plasma, these two instabilities often compete and
both modes are frequently observed (for a review, see
Schwartz et al., 1996; Lucek et al., 2005). These waves typi-
cally appear at shorter timescales, below one minute, and can
grow to significant amplitudes.
Anderson and Fuselier (1993) compared the occurrence
rates of mirror and EMIC waves for quasi-perpendicular and
quasi-parallel shock conditions. Wave character was identi-
fied by spectral analysis and the nature of the shock was iden-
tified by the content of energetic He++ ions. Their results
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Figure 4.Median magnetic field vector orientation in 1⇥ 1RE bins
in the equatorial plane when IMF is within 10  of Parker spiral an-
gle (adapted from Fig. 6 in Petrinec, 2013).
clearly indicate an increased wave (and in particular mir-
ror mode) occurrence under quasi-perpendicular conditions.
Génot et al. (2009) performed a statistical study of the oc-
currence of mirror structures over 5 years of Cluster obser-
vations using the GIPM (geocentric interplanetary medium)
reference frame (Verigin et al., 2006), where fluctuations in
the IMF direction are normalised away. Again, the results
show a greater occurrence of mirror structures in the quasi-
perpendicular hemisphere.
In summary, low-frequency field and plasma oscilla-
tions are ubiquitous in the magnetosheath and are organ-
ised according to upstream shock conditions. The quasi-
parallel magnetosheath (found on the dawn side for predom-
inant Parker spiral IMF) is typically more turbulent with
large-amplitude and long wave period oscillations. On the
other hand, quasi-perpendicular (predominantly dusk) mag-
netosheath oscillations are dominated by EMIC and mirror
waves with smaller amplitudes and shorter wave periods.
While this distinction is clearly observed in statistical stud-
ies and often in case studies, a large percentage of mag-
netosheath observations include a superposition of both ef-
fects (Fuselier et al., 1994). The identified asymmetries in
observed field and plasma oscillations are summarised in Ta-
ble 1.
2.2 Magnetopause asymmetries
The magnetopause is a thin current sheet separating the
shocked magnetosheath plasma and its embedded interplan-
etary magnetic field on one side and the geomagnetic field
on the other side. The current in the magnetopause is pri-
marily caused by the differential motion of ions and elec-
trons as they encounter the sharp magnetic gradient of the
geomagnetic field. For a comprehensive overview of the
magnetopause and its properties, we refer to, for example,
Hasegawa (2012), so below we only focus on dawn–dusk
asymmetries in the magnetopause.
Simultaneous measurements from both flanks of the mag-
netopause are rare. Also, the large variability in the thickness,
orientation and motion of the magnetopause makes any direct
comparison between the dawn and dusk flank magnetopause
of little use. To our knowledge, the only study focusing ex-
plicitly on dawn–dusk asymmetries in macroscopic features
of the magnetopause is the paper by Haaland and Gjerloev
(2013). They used measurements from more than 5000 mag-
netopause traversals near the ecliptic plane by the Cluster
constellation of satellites and reported significant and per-
sistent dawn–dusk asymmetries in current density and mag-
netopause thickness.
Figure 5 shows the distribution of observed current den-
sities for the dawn (red bars) and dusk (blue bars) magne-
topause crossings during disturbed geomagnetic conditions.
Most of the dawn magnetopause crossings have a current
density around 10–15 nAm 2, whereas the typical current
density at dusk is around 25–30 nAm 2. Mean current den-
sities are 18 and 27 nAm 2 for dawn and dusk, respectively.
Haaland and Gjerloev (2013) noted that the dawn magne-
topause was thicker, suggesting that the total current intensity
on the two flanks were roughly equal. Two possible explana-
tions for these dawn–dusk asymmetries are conceivable, both
related to the boundary conditions. First, asymmetries in the
magnetosheath as reported in Sect. 2.1.2 will influence the
geometry and property of the magnetopause. A higher dusk-
side magnetosheath magnetic field will cause a higher mag-
netic shear across the magnetopause, and thus a higher cur-
rent density. Asymmetries in plasma parameters, in particular
dynamic pressure, may also contribute, though simulations
suggests that pressure enhancements are more likely to dis-
place the magnetopause than compress it (Sonnerup et al.,
2008). A second source of dawn–dusk asymmetry in mag-
netopause parameters are asymmetries in the ring current.
In particular during disturbed conditions, the dusk sector of
the ring current shows a faster energisation and higher cur-
rent density than its dawn counterpart (Newell and Gjerloev,
2012). As a consequence, there will be a stronger magnetic
perturbation at dusk and thus a higher magnetic shear across
the magnetopause.
Several potential mechanisms by which plasma can en-
ter the magnetosphere through the flank magnetopause have
been suggested. These are thought to be most important
www.ann-geophys.net/32/705/2014/ Ann. Geophys., 32, 705–737, 2014
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Table 1. Asymmetries in the average dayside magnetosheath.
Process/property Asymmetry preference Source Reference
Ion density dawn, 19% higher Theory Walters (1964)
dawn, 33% higher IMP-8 (1978–1980) Paularena et al. (2001)
dawn, 1% higher IMP-8 (1994–1997) Paularena et al. (2001)
dawn, 21% higher THEMIS (2008–2010) Walsh et al. (2012)
dawn higher Cluster (2001–2004) Longmore et al. (2005)
| B | dusk, 23% higher THEMIS (2008–2010) Walsh et al. (2012)
Ti (ion temperature) dawn, 33% higher Theory Walters (1964)
dawn, 12% higher THEMIS (2008–2010) Walsh et al. (2012)
 B (magnetic field jump) dawn higher IMP-4 (1967) Fairfield and Ness (1970)
higher atQk side ISEE-2 (1977–1979) Luhmann et al. (1986)
higher atQk side INTERBALL+Cluster (1996–2003) Shevyrev et al. (2007)
Magnetic field turbulence higher atQk side Geotail (1996–2005) Petrinec (2013)
Mirror mode occurrence more frequent atQ? Cluster (2001–2005) Génot et al. (2009)
Kinetic wave occurrence 91% atQ?, 40% atQk AMPTE CCE (1984) Anderson and Fuselier (1993)
when the magnetosphere is exposed to northward IMF,
when the Dungey cycle (Dungey, 1961) does not dominate.
These processes include transport via kinetic Alfvén waves
(e.g. Johnson and Cheng, 1997), gradient drift entry (Olson
and Pfitzer, 1985) and through rolled-up Kelvin–Helmholtz
vortices (e.g. Fujimoto and Terasawa, 1994, 1995). Entry
through double cusp (also known as dual lobe) type recon-
nection (Song and Russell, 1992) is also a possible mech-
anism during northward IMF. Asymmetries in reconnection
at the dayside magnetopause under southward IMF, and the
associated plasma entry, will be discussed in Sect. 3.1.
Each of the mechanisms discussed above does not nec-
essarily operate symmetrically with respect to the noon–
midnight meridian, either because of their intrinsic proper-
ties or because of the dawn–dusk asymmetries in the magne-
tosheath as discussed in Sect. 2.1.2. This asymmetric plasma
entry will also have consequences for the plasma sheet – see
Sect. 2.3.2.
ULF waves in the magnetosheath can generate kinetic
Alfvén waves (KAWs) when they interact with the magne-
topause boundary (Johnson and Cheng, 1997) and in so do-
ing stimulate the diffusive transport of ions into the magne-
tosphere. A recent survey by Yao et al. (2011) has shown
that the wave power associated with KAWs is enhanced at
the dawn magnetopause, which suggests enhanced transport
on that flank. KAWs can heat ions both parallel (Hasegawa
and Chen, 1975; Hasegawa and Mima, 1978) and, when they
have a sufficiently large amplitude, perpendicular (Johnson
and Cheng, 2001; Johnson et al., 2001) to the magnetic field,
suggesting that if KAW-driven transport does preferentially
occur on the dawn flank magnetopause it would also be as-
sociated with a heating of the transported magnetosheath
plasma.
The growth of the Kelvin–Helmholtz instability may also
have a dawn–dusk asymmetry. If finite Larmor radius effects
are taken into account, growth is favoured on the duskside
Thickness
Page 1
10 20 30 40 50 60 70 80 90 100
0%
5%
10%
15%
20%
Disturbed conditions (SMR12 <  0 nT)
Dusk : JMED = 28.3 JMEAN = 36.4  [ nAm-2 ]
Dawn : JMED = 18.0 JMEAN = 27.2  [ nAm-2 ]
Asym =57.0 % 33.5 %
Current density [nA m-2]
Figure 5. Distribution of magnetopause current densities based on
Cluster curlometer results. Each bin in the histogram is 5 nAm 2
wide, and the indicated error bars are calculated as the square root
of the number of observations in each bin and normalised. Red
bars and values indicate dawn current densities, blue bars are cor-
responding dusk values. Mean, median and mode current density
on dusk are significantly higher than their dawn counterparts. After
Haaland and Gjerloev (2013).
(Huba, 1996), while conditions in the magnetosheath under
Parker spiral IMF conditions might favour growth on the
dawn side (e.g. Engebretson et al., 1991). A statistical study
of the occurrence of Kelvin–Helmholtz vortices on the flank
magnetopause from Geotail data (Hasegawa et al., 2006)
suggests no particular dawn–dusk asymmetry, although the
majority of the detections were made antisunward of the ter-
minator. An extension of this study by Taylor et al. (2012),
including Double Star TC-1 data, did find an asymmetry
with the occurrence of Kelvin–Helmholtz vortices favoured
on the dusk flank magnetopause. However, this asymmetry
was only present on the dayside. Simultaneous observations
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of Kelvin–Helmholtz vortices on both flanks are rare, and
as such it is difficult to address any dawn–dusk asymme-
try in their properties. However, Nishino et al. (2011) re-
ported one observation of vortices occurring simultaneously
on both flanks and showed that while their macroscopic prop-
erties were similar, on a microscopic level differences were
observed, with more plasma mixing between magnetosheath
and magnetospheric populations in the dawnside vortex than
the duskside vortex.
Gradient drift entry naturally provides a dawn–dusk asym-
metry: ions drift into the magnetosphere through the mag-
netopause on the dawn side, while electrons enter on the
duskside (Olson and Pfitzer, 1985). However the efficiency
of gradient drift entry and hence its potential to contribute to
observed asymmetries in magnetospheric plasma is not well
constrained. Treumann and Baumjohann (1988) calculated
that only 5% of magnetosheath particles that come into con-
tact with the magnetopause become trapped, while through
test particle simulations Richard et al. (1994) showed dou-
ble cusp reconnection provided a much more efficient entry
process. Indeed it is thought that double cusp reconnection
operating under northward IMF is one of the dominant for-
mation mechanisms for the cold dense plasma sheet (Lavraud
et al., 2006). MHD simulations suggest that any dawn–dusk
asymmetry in solar wind entry by double cusp reconnection
is related to ionospheric conductance (Li et al., 2008a).
2.3 Magnetotail asymmetries
Throughout this review we will, in general, consider asym-
metries about the noon–midnight meridian. Whilst at the
boundaries of the magnetosphere such asymmetries are read-
ily identifiable, as most of the boundaries are located well
away from the meridian, within the magnetosphere asymme-
tries may depend on the coordinate system used. For exam-
ple, the solar wind flow is not necessarily radial in the frame
of the Earth; any non-radial flow will deflect the location of
the central axis of the magnetosphere away from the XGSM
axis (GSM=Geocentric Solar Magnetic – see e.g. Hapgood,
1997, for some commonly used coordinate systems and their
definitions). The aberrated GSM (AGSM) coordinate system
attempts to correct for this and has, for example, been shown
to reduce the apparent asymmetry in convective flows in the
magnetotail (Juusola et al., 2011).
2.3.1 Geometry and current systems
The magnetotail current sheet is often considered to be a
static, Harris-type (Harris, 1962) current sheet separating the
oppositely directed magnetic fields in the lobes. There is now
sufficient evidence, particularly from the Cluster spacecraft,
that the current sheet is in motion (e.g. Ness et al., 1967;
Zhang et al., 2005; Sergeev et al., 2006; Forsyth et al., 2009),
is bifurcated (Runov et al., 2006), or shows embedded cur-
rent sheet signatures (Petrukovich et al., 2011) and is not,
in fact, Harris-like in a statistical sense (Zhang et al., 2006;
Rong et al., 2011). Statistical studies have also shown that
the current sheet tends to be thinner, with a greater current
density, on the duskward side of the magnetotail.
A number of multi-spacecraft analysis techniques have
been developed to determine the current density within the
current sheet and the sheet thickness (Dunlop et al., 1988;
Shen et al., 2007; Artemyev et al., 2011). While the specifics
of these techniques vary, they share a commonality that they
all examine the currents based on magnetic field measure-
ments by Cluster.
Statistically, the magnetotail current density measured by
Cluster was consistently observed to be higher on the dusk-
side than the dawn side of the magnetotail (e.g. Runov et al.,
2005; Artemyev et al., 2011; Davey et al., 2012b). However,
the values observed and the extent of the asymmetry between
them differed for each study. On the duskside, the current
densities ranged from 6 to 25 nAm 2 (Artemyev et al., 2011)
and on the dawn side, the current densities ranged from 4
to 10 nAm 2. In contrast, the current sheet thickness was
shown to be greater on the dawn side than on the duskside,
both in absolute terms (Artemyev et al., 2011) and with re-
spect to the local ion gyroradius (Rong et al., 2011). Rong
et al. (2011) also showed that the probability of observing
a thin current sheet was greater towards dusk. We note that
the differences in current density and thickness tended to be
comparable (⇠ 1.5–2.5 times difference), such that it appears
that the total current flowing through the current sheet re-
mains roughly constant.
It should be noted that the above studies
by Runov et al. (2005), Artemyev et al. (2011),
Rong et al. (2011) and Davey et al. (2012b) use differ-
ent selection criteria to identify Cluster crossings of the
tail current sheet. Rong et al. (2011) took any reversal of
the BX component of the field to be a crossing, thus mul-
tiple small-scale fluctuations were identified as individual
crossings, whereas Davey et al. (2012b) and Runov et al.
(2005) required a change in BX between ±5 and ±15 nT
respectively, with Runov et al. (2005) applying a further
criterion that the duration of the field reversal was between
30 and 300 s. As such, Rong et al. (2011) identified 5992
crossings, Davey et al. (2012b) identified 279, and Runov
et al. (2005) identified 78 events (although using only
1 year of Cluster data). Given the difference in the current
sheet identifications and the number of events used in these
studies, it is reassuring that the overall picture in their results
is similar, even if the exact values differ. This difference may
be a result of the different separations between the Cluster
spacecraft throughout their lifetime (Runov et al., 2005;
Forsyth et al., 2011).
Studies of the current sheet thickness and current density
by Cluster rely on the phenomenon of “magnetotail flapping”
(Speiser and Ness, 1967), whereby large-scale waves cause
the current sheet to move locally in the ZGSM direction and
to be tilted in the YZGSM plane. The occurrence frequency
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Table 2. Dawn–dusk asymmetries at the magnetopause and in plasma entry regions.
Process/property Asymmetry preference Source References
Magnetopause current density dusk higher Cluster (2001–2006) Haaland and Gjerloev (2013)
Magnetopause thickness dawn thicker Cluster (2001–2006) Haaland and Gjerloev (2013)
Kinetic Alfvén wave power dawn larger THEMIS Yao et al. (2011)
Kelvin–Helmholtz wave growth dawn larger theory Huba (1996)
dawn larger theory, ISEE, AMPTE Engebretson et al. (1991)
Kelvin–Helmholtz vortex occurrence (dayside) more at dawn Double Star Taylor et al. (2012)
Plasma mixing in Kelvin–Helmholtz vortices more at dawn Geotail, Cluster Nishino et al. (2011)
of flapping increases towards dusk (Sergeev et al., 2006), but
the tilt of the current sheet is greater towards dawn (Davey
et al., 2012b). Furthermore, flapping has been shown to in-
crease with substorm activity, but decrease with enhance-
ments in the ring current (Davey et al., 2012a). Given that the
thinning of current sheets during substorms is a well docu-
mented phenomenon (e.g. McPherron et al., 1973; Pulkkinen
et al., 1994; Shen et al., 2008) one might expect thinner cur-
rent sheets on average in the region in which most substorms
occur (Frey et al., 2004; Frey and Mende, 2007). However, it
is unclear from these results whether substorms are the cause
or consequence of thin current sheets in this sector.
2.3.2 Nightside plasma sheet properties
Multiple ion populations exist in the magnetotail, includ-
ing components with characteristic energies of 10s of eV
(intense cold component), ⇠ 300–600 eV (cold component),
⇠ 3–10 keV (hot component), and ⇠ 10–100 keV (suprather-
mal). The higher ion density in the dawn flank magne-
tosheath leads to a higher density of cold component ions
towards dawn in the magnetotail under northward IMF, as
observed by C.-P. Wang et al. (2006). These ions have also
been found to have higher temperatures at dawn than at dusk
during northward IMF, in particular they are heated perpen-
dicular to the magnetic field (Wing et al., 2005) and during
intervals of high solar wind velocity (Wang et al., 2007).
Nishino et al. (2007a) found the cold component ions to
have parallel anisotropy (T ck > T c?) at dusk, and conjec-
tured that this is due to adiabatic heating during sunward
convection. Wing et al. (2005) used Defense Meteorologi-
cal Satellite Program (DMSP) satellites to infer plasma sheet
temperatures and densities during periods of northward IMF.
Their cold component density and temperature profiles are
displayed in Fig. 6. The cold component density profile has
peaks at dawn and dusk flanks, while the cold component
temperatures are higher on the dawnside than the duskside,
consistent with Hasegawa et al. (2003). This observation sug-
gests that the magnetosheath ions have been heated in the en-
try process on the dawnside. The dawnside cold ion temper-
ature is about 30–40% higher than that on the duskside (see
Fig. 6). Such asymmetric heating is consistent with the ob-
served asymmetry in KAW transport described in Sect. 2.2.
In contrast, the hot component ions have higher temper-
atures toward dusk, especially within ⇠ 20RE of the Earth,
due to the energy-dependent gradient–curvature drift. Spence
and Kivelson (1993) developed a finite-width magnetotail
model of the plasma sheet. In addition to a deep-tail source
of particles, they found that including a particle source from
the low-latitude boundary layer (LLBL) on the dawn side
yields agreement with measurements of pressure and den-
sity. The model predicts a significant dawn–dusk asymmetry
with higher ion pressure and temperature toward dusk for in-
tervals of weak convection. Keesee et al. (2011) confirmed
this model with average plasma sheet ion temperatures dur-
ing quiet magnetospheric conditions calculated using ener-
getic neutral atom (ENA) data from the TWINS mission, as
seen in Fig. 7. This dawn–dusk asymmetry in ion tempera-
tures has also been observed with in situ measurements by
Geotail (Guild et al., 2008; C.-P. Wang et al., 2006). Using
data from Geotail, Tsyganenko and Mukai (2003) derived a
set of analytical models for the central plasma sheet density,
temperature and pressure for ions with energies 7–42 keV in
the XYGSM plane. Dawn–dusk asymmetries were found only
within 10RE, near the boundary of their measurements, so
were not included in their models that cover 10–50RE.
The contrasting ion temperature asymmetries between
the hot and cold ion components during northward IMF
yields measurements of two peaks in the ion distribution
(the hot and cold components) on the dusk flanks, and
one broad peak measured on the dawn flank (Fujimoto
et al., 1998; Hasegawa et al., 2003; Wing et al., 2005).
C.-P. Wang et al. (2006) measured the total ion density to be
higher toward dawn for northward IMF, primarily due to the
cold component ions, yielding equal pressures at dawn and
dusk. They showed that the density asymmetry weakens dur-
ing southward IMF, but the temperature asymmetry remains,
yielding higher pressures at dusk. The magnetosphereBZ has
been observed to be greater at dawn than at dusk (Fairfield,
1986; Guild et al., 2008; C.-P. Wang et al., 2006). This asym-
metry serves to provide pressure balance to the higher den-
sities at dusk. Both dawn and dusk flanks have high flux of
ions with energies < 3 keV, with high flux extending toward
the midnight meridian only from the dawn flank for inter-
vals of northward IMF longer than an hour. This asymmetry
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Figure 6. Density and temperature profiles of the cold component
of the two-component Maxwellian distribution of the plasma sheet
ions during northward IMF. Note the dawn–dusk asymmetry in the
temperature profile, with the dawn flank ions having higher temper-
atures than the dusk flank ions. (from Wing et al., 2005).
is reduced during southward IMF as the high flux in the
dawn sector decreases. For ions with energies> 6 keV, flux is
higher at the dusk flank than the dawn flank, with the asym-
metry being stronger for higher energies and southward IMF.
Both hot and cold components of the ions flow toward the
midnight meridian under strong northward IMF conditions,
due to (a) viscous interaction of the plasma sheet and the lobe
and (b) vortical structures due to the Kelvin–Helmholtz in-
stability (Nishino et al., 2007b). The average quiet time flow
Figure 7. Ion temperatures calculated from TWINS ENA data
mapped onto the XYGSM plane with the Sun to the right. A black
disc with radius 3 RE, centred at the Earth, indicates the region
where analysis is not applicable. Contours of constant ion tem-
perature as predicted by the finite tail width model of Spence and
Kivelson (1993) are overlaid on the image. The measurements and
model indicate higher plasma sheet hot component ion tempera-
tures toward dusk during quiet magnetospheric conditions due to
the gradient–curvature drift. (Adapted from Fig. 4 in Keesee et al.,
2011).
pattern in the plasma sheet displays a dawn–dusk asymme-
try, with slower, sunward-directed flows post-midnight and
faster, duskward-directed flows pre-midnight (Angelopoulos
et al., 1993). The asymmetry in flow direction is also ob-
served when averaging over all flow speeds (Hori et al.,
2000), though the picture becomes somewhat more compli-
cated when fast flows alone are examined (Sect. 2.4.2). The
asymmetry in perpendicular flows is most significant within
10RE of the midnight meridian (C.-P. Wang et al., 2006).
The larger duskward component in the slow flow results
from diamagnetic drift of ions due to the inward pressure
gradient, which has a magnitude on the order of 25 km s 1
(Angelopoulos et al., 1993).
Less is known about the intense cold component because
ions in this energy range can only be detected when space-
craft are negatively charged as they pass through Earth’s
shadow. Seki et al. (2003) hypothesise that the intense
cold component ions originate in the ionosphere because
they have not undergone heating that would occur in the
plasma sheet boundary layers. Similarly, measurements of
the suprathermal component tend to be combined with the
thermal component (Borovsky and Denton, 2010) or all com-
ponents (Nagata et al., 2007), such that the specific dawn–
dusk characteristics of this population have not been ex-
plored.
The electrons in the plasma sheet also exhibit a dawn–
dusk asymmetry. Like the ions, there are two components
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of electrons, a hot component and a cold component (Wang
et al., 2007; A. P. Walsh et al., 2013). Unlike the ions, how-
ever, both electron populations have been observed under
northward and southward IMF, although a two-component
electron plasma sheet is more likely to be observed under
southward IMF (A. P. Walsh et al., 2013). Under south-
ward IMF the two-component electron plasma sheet is more
likely to be observed in the pre-midnight sector than the post-
midnight sector. Under northward IMF the occurrence fol-
lows the pattern of the large-scale Birkeland currents cou-
pling the ionosphere and magnetosphere – a two-component
electron plasma sheet is more likely to be observed mapping
to lower latitudes in the pre-midnight sector and higher lati-
tudes in the post-midnight sector. This suggests the cold elec-
trons have their source in the ionosphere, rather than the solar
wind, and are transported to the plasma sheet via downward
field-aligned currents (Iijima and Potemra, 1978; A. P. Walsh
et al., 2013).
2.4 Asymmetries in magnetotail dynamics
2.4.1 Substorms and other modes
Southward-pointing IMF results in a circulation of magnetic
flux in the magnetosphere – with dayside reconnection open-
ing flux, transportation of open flux into the lobes, nightside
reconnection closing flux to form the plasma sheet, and re-
turn of flux back to the dayside (Dungey, 1961). The mag-
netosphere is driven to many modes of response due to mag-
netic reconnection with the solar wind IMF. These include
substorms, magnetic storms, steady magnetospheric convec-
tion, and sawtooth events, as well as smaller responses such
as pseudobreakups and poleward boundary intensifications
(for a full review of these modes, see e.g McPherron et al.,
2008). These events with enhanced sunward convection in
the plasma sheet will dominate over certain asymmetries
discussed above, such as the quiet-time dawn–dusk thermal
pressure asymmetry (Spence and Kivelson, 1990).
The most common and well-studied mode of response
is the substorm. Numerous researchers have found asym-
metries in the average substorm onset location, with the
most likely onset shifted duskward to 23:00MLT (Frey and
Mende, 2007, and references therein). The onset MLT of
substorms is strongly influenced by the IMF clock angle,
which shifts the dayside reconnection geometry in such a
way as to create a “tilted” configuration away from direct
noon–midnight reconnection (Østgaard et al., 2011). Internal
factors, such as solar illumination and its effects on iono-
spheric conductivity, can also influence the average onset lo-
cation in latitude and local time (Wang et al., 2005, see also
Sect. 3.2). Sawtooth events also display dawn–dusk asymme-
try, with intense tail reconnection signatures occurring pre-
midnight (Brambles et al., 2011). The sawtooth asymmetry
is attributed to ion outflow asymmetry which is in turn a re-
sult of ionospheric conductance asymmetry. Many dynamic
signatures of enhanced convection, especially during sub-
storms, also display a pre-midnight occurrence peak. These
include magnetic reconnection, bursty bulk flows, transient
dipolarisations and energetic particle bursts and injections,
described in more detail below.
Recently Nagai et al. (2013) surveyed a large data set
including Geotail observations from 1996 to 2012 in the
area of  32<XAGSM < 18RE and |YAGSM|< 20RE. Ac-
tive reconnection events were selected using the following
criteria: (1) |BX|<10 nT to select plasma sheet samples,
(2) ViX < 500 km s 1 and BZ < 0 to select tailward fast
flows, (3) earthward flow at Vix > 300 km s 1 and BZ > 0
observed within 10min after the tailward flow to select the
flow reversals, and (4) VeY < 1000 km s 1 during at least
one sample within 48 s long interval around the flow re-
versal instant to select the active reconnection when elec-
trons undergo substantial acceleration; 30 active reconnec-
tion events were selected. The analysis of occurrence rate
distribution has shown that events may be found in the sec-
tor 6< YAGSM < 8RE. The occurrence rate is considerably
higher in the pre-midnight sector 0< YAGSM < 8RE.
Slavin et al. (2005) used Cluster observations to study trav-
elling compression regions (TCRs), which are commonly ac-
cepted to be remote signatures of a reconnection outflow
in the magnetotail lobes at distances  19<X < 11RE,
and noticed a dawn–dusk asymmetry in the event distribu-
tion in the XYAGSM plane with considerably larger num-
ber of events observed in the pre-midnight sector. Similarly,
Imber et al. (2011) inferred the dawn–dusk location of the
reconnection site from statistical studies of THEMIS obser-
vations of flux ropes and TCRs during the time period De-
cember 2008 to April 2009. Magnetic signatures, including
a bipolar variation in BZ passing through BZ = 0 and an en-
hancement in BY at BZ = 0 were used to identify a flux rope.
A bipolar1BZ signature relative to the background field and
total field variation with (1B)/B > 1% were used to iden-
tify TCRs; 87 events (both flux ropes and TCRs) were iden-
tified. Plotting the spacecraft location for all the events in the
XYAGSM plane, Imber et al. (2011) have shown an obvious
dawn–dusk asymmetry with 81% of events observed in the
dusk sector. The event probability (number of events per unit
time) also showed strong duskward asymmetry: a peak of
the Gaussian fit to the data is at YAGSM = 7.0RE and the full
width at half maximum is 15.5RE.
In their survey of magnetotail current sheet crossings,
Rong et al. (2011) found that 329 out of 5992 current sheet
crossings by the Cluster spacecraft in 2001, 2003 and 2004
had a negative BZ component. These negative BZ current
sheet crossings were predominantly found to occur at az-
imuths of 110  to 210  and had field curvature directions
pointing away from the Earth. Given that BZ is expected to
be positive on closed magnetic field lines in the magneto-
tail plasma sheet, Rong et al. (2011) interpreted these ob-
servations as showing that reconnection was “more inclined
to be triggered in current sheet regions with MLT being
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Table 3. Dawn–dusk asymmetries in magnetotail processes and properties.
Process/property Asymmetry preference Source Reference
Hot component of ion temperature higher at dusk Geotail Guild et al. (2008); C.-P. Wang et al. (2006)
higher at dusk TWINS Keesee et al. (2011)
higher at dusk model Spence and Kivelson (1990)
Cold component of ion temperature higher at dawn DMSP Wing et al. (2005)
Cold component of ion density higher at dawn DMSP Wing et al. (2005)
BZ higher at dawn IMP 6, 7, 8 Fairfield (1986)
Geotail Guild et al. (2008); C.-P. Wang et al. (2006)
Flankward quiet time flows more frequent in pre-midnight ISEE 2 Angelopoulos et al. (1993)
more frequent in pre-midnight Geotail Hori et al. (2000)
⇠ 21:00–01:00”, thus showing a clear dawn–dusk asymme-
try in the distance downtail at which reconnection occurs.
Reconnection signatures observed in the distant tail
and at lunar orbit also exhibit dawn–dusk asymmetry.
Slavin et al. (1985) have studied average and substorm con-
ditions in the distant magnetotail using ISEE-3 data. It
was found that negative BZ and fast tailward flow was
predominantly observed in the pre-midnight sector (0<
YGSM < 10RE at  100>X > 180RE). Further tailward,
at 180>X > 120RE, the region of predominant BZ < 0
and fast tailward flow expands azimuthally to a broad re-
gion between YGSM = 0 and ⇠ 20RE. It should be noted,
though, that at those geocentric distances the GSM coordi-
nate system may not be appropriate, and the broad distribu-
tion of  BZ and  VX maxima may be an apparent effect of
averaging over different solar wind/IMF conditions.
Recently reconnection outflows and plasmoid observa-
tions by two ARTEMIS spacecraft in lunar orbit have been
statistically studied (Li et al., 2014). That study revealed a
dawn–dusk asymmetry with occurrence rate of plasmoid ob-
servations higher within  2< YAGSM < 12RE. The occur-
rence distribution has a similar but broader pattern compared
with previous studies on plasmoids or reconnection flow re-
versals in the near-Earth region (Imber et al., 2011; Nagai
et al., 2013).
2.4.2 Fast flows in the plasma sheet
Fast plasma flows in the magnetotail above a “background”
convection velocity are often associated with substorm ac-
tivity as a key device by which closed magnetic flux can be
transported towards the inner magnetosphere and as a pos-
sible mechanism for the triggering of instabilities in the in-
ner magnetosphere that lead to substorm onset (Baumjohann
et al., 1990). Short (sub-minute) bursts of enhanced plasma
flow (termed flow bursts) are most likely generated by im-
pulsive magnetotail reconnection (see Sect. 2.4.1). The flow
bursts are grouped into⇠ 10min events known as bursty bulk
flows (BBFs) (Angelopoulos et al., 1992), although these
terms are sometimes used interchangeably throughout the
literature. Numerous statistical studies of BBFs, conducted
during last the two decades, result in rather controversial con-
clusions on asymmetries in the azimuthal (MLT) dependence
of BBF distribution. Comparison between them is compli-
cated by the use of different selection criteria to identify in-
dividual events.
A set of studies applying selection criteria based upon
either magnetic field ((B2X +B2Y )1/2 < 15 nT) or   > 0.5
to select plasma sheet samples and flow velocity magni-
tude (|VX|> 400 km s 1) to select flow bursts (FB) and
BBF events did not reveal a pronounced dawn–dusk
anisotropy in the event distribution (Baumjohann et al., 1990;
Angelopoulos et al., 1994). Some asymmetry in velocity
magnitudes with faster flows observed in the pre-midnight
sector were considered apparent and attributed to orbital bi-
ases (Nakamura et al., 1991). On the other hand, studies of
Geotail, WIND and THEMIS data with selection criteria dif-
ferentiating convective flows (i.e. perpendicular to the instan-
taneous magnetic field) and field-aligned beams resulted in
pronounced asymmetry in the convective flow distributions
and symmetric field-aligned beam distributions (Nagai et al.,
1998; Raj et al., 2002; McPherron et al., 2011).
Statistical analysis of plasma bulk velocity observed by
Cluster during neutral sheet (|BX|< 5 nT) crossings at ra-
dial distances R ⇡ 18RE revealed dawn–dusk asymmetries
in the horizontal velocity magnitude (Veq = (V 2X +V 2Y )1/2)
with larger values (Veq > 400 km s 1) in the pre-midnight
sector of the magnetotail within 0< YAGSM < 10RE. The
average equatorial velocity in the post-midnight sector did
not exceed 200 km s 1 (Runov et al., 2005). Conversely, a
study of the comprehensive data set that includes 15 years
of Geotail, Cluster and THEMIS observations in the magne-
totail applying the criterion   > 0.5 to select plasma sheet
samples revealed no asymmetry tailward of X = 15RE in
the aberrated coordinate system (Juusola et al., 2011). Closer
to Earth, the average convection at a velocity smaller than
200 km s 1 shows some duskward asymmetry. This asym-
metry was attributed to the ion gradient drift close to the in-
ner edge of the plasma sheet (see also Hori et al., 2000). The
distribution of higher velocity remains fairly symmetric with
respect to the midnight in AGSM (Juusola et al., 2011).
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The dawn–dusk asymmetry in the magnetotail plasma
flows also depends on the level and character of geomag-
netic activity. Recent studies of Geotail and THEMIS obser-
vations over a span of 14 years comparing the convection
patterns observed during periods of steady magnetospheric
convection (SMC) and substorm phases have revealed that
the probability of earthward fast flows (VXY > 200 km s 1)
is fairly symmetric with respect to midnight for SMC but
slightly asymmetric with a peak at ⇠ 23:00MLT during sub-
storm growth phases. This duskward asymmetry vanishes
during expansion and recovery substorm phases (Kissinger
et al., 2012).
To summarise, the statistical studies of BBFs and plasma
convection in the magnetotail conducted so far do not pro-
vide any definitive answer on the question on dawn–dusk
asymmetry in the flow pattern. The results strongly depend
on the selection criteria. More specifically, studies with cri-
teria based upon the perpendicular velocity tend to show
the duskward asymmetry. Conversely, the studies based upon
|BXY | and  -related criteria typically result in a fairly sym-
metric flow pattern. Another important issue is the selec-
tion of fast flow events and differentiation of them from the
background convection. It was noticed in observations that
BBFs (flow bursts) are typically associated with (1) increased
northward (southward) magnetic field component (BZ) and
(2) decrease in the plasma density (Angelopoulos et al., 1992,
1994; Ohtani et al., 2004). These characteristics, attributed to
so-called “plasma bubbles” (e.g. Chen and Wolf, 1993; Wolf
et al., 2009), may be used to differentiate transient BBFs
from the steady convection. The rapid increase in BZ and
simultaneous decrease in the plasma density were recently
found to be characteristics of dipolarisation fronts (Runov
et al., 2011; Liu et al., 2013) that will be discussed in the
next section.
2.4.3 Transient dipolarisations and dipolarisation
fronts
Russell and McPherron (1973) first reported observations
of front-like, spatially and temporally localised, sharp in-
creases in the northward magnetic field component BZ .
Timing of the two-point observations by OGO-5 (at X =
 8.2RE) and ATS-1 (at X = 5.6RE) spacecraft indicated
earthward propagation of this magnetic structure. Later it was
found that the BZ enhancement is accompanied by BBFs
(Angelopoulos et al., 1992; Ohtani et al., 2004). The en-
hanced V ⇥B-electric field (magnetic flux transfer rate) ap-
peared in the form of⇠ 100 s long pulses, referred to as rapid
flux transfer events (Schödel et al., 2001). For such struc-
tures, the BZ enhancements are spatial structures travelling
with the flow.
At other times, particularly in the inner magnetosphere,
plasma flows are not observed during the BZ enhancements;
in these cases theBZ enhancements do not contribute to local
flux transport and are the result of non-local currents from a
substorm current wedge, (e.g. McPherron et al., 1973) most
often tailward of the observation point (a remote-sensing
effect – see, e.g. Nagai, 1982). Both types of events have
been intensely studied in the past under various names, such
as nightside flux transfer events (e.g. Sergeev et al., 1992),
flux pileup (Hesse and Birn, 1991; Shiokawa et al., 1997;
Baumjohann et al., 1999) and current disruption (e.g. Lui,
1996). Treated as flowing spatial structures, the sharp BZ en-
hancements have been referred to as “dipolarisation fronts”
(e.g. Nakamura et al., 2002; Runov et al., 2009).
It has been shown that the earthward-propagating dipo-
larisation fronts are associated with a rapid decrease in the
plasma density and embedded into the earthward plasma flow
(Runov et al., 2009, 2011). The fronts are thin boundaries
(with the thickness of an ion thermal gyroradius), separat-
ing underpopulated dipolarised flux tubes, often referred to
as “plasma bubbles” (e.g. Wolf et al., 2009), and the ambi-
ent plasma sheet population. Most likely, the dipolarisation
fronts are generated in the course of impulsive magnetic re-
connection in the mid or near magnetotail (see e.g. Runov
et al., 2012, and references therein). Alternatively, the fronts
may appear as a result of kinetic interchange instability in the
near-Earth plasma sheet (Pritchett and Coroniti, 2010).
Recently, Liu et al. (2013) statistically studied several hun-
dred dipolarisation fronts observed by THEMIS probes in
the plasma sheet at  25<X < 7RE and at variety of az-
imuthal (Y ) positions. The events were selected using a set of
selection criteria based mainly upon magnetic field and rate
of magnetic field changes. The selected events may, there-
fore, include those of all categories discussed above. The
analysis has shown, however, that the increase in BZ was
associated with the rapid decrease in plasma density and was
embedded into earthward plasma flow. Thus, the majority of
selected events were dipolarisation fronts. Figure 8 shows
(a) the distribution of selected events and (b) the occurrence
rate of the dipolarisation fronts in the XYGSM plane. The
event distribution shows a pronounced dawn–dusk asymme-
try with more events observed in pre-midnight sector within
0< Y < 8RE. The occurrence rate exhibits a maximum in
2< Y < 6RE bins in a range of  20<X < 7RE.
Dipolarisation fronts are typically embedded into fast
earthward flows (BBFs). However, as was shown in the pre-
vious section, contrary to that of the dipolarisation fronts,
azimuthal distribution of BBF occurrence rate does not dis-
play any pronounced dawn–dusk asymmetry. Nonetheless,
because of large BZ , the magnetic flux is transported mainly
by the dipolarisation fronts (Liu et al., 2013). Thus, the mag-
netic flux transport is strongly asymmetric with respect to the
midnight meridian with maximum of the occurrence rate dis-
tribution between 0< Y < 8RE. This sector of the magneto-
tail is also the area of maximum probability of magnetotail
reconnection (see Sect. 2.4.1).
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Figure 8. Statistical distribution and occurrence rate of dipolarisa-
tion fronts observed by THEMIS during the 2007–2011 tail seasons.
After Liu et al. (2013).
2.4.4 Energetic particle injections
Observations of energetic particles at geosynchronous orbit
(GEO) revealed sudden increases in the particle fluxes that
are typically observed during enhanced geomagnetic activity
(substorms and storms) and referred to as “energetic parti-
cle injections” (e.g. McIlwain, 1974; Mauk and Meng, 1987;
Birn et al., 1997a, 1998). The injections observed at GEO fall
into two distinct categories: dispersionless and dispersed. In
the former case, the enhancement in particle fluxes at differ-
ent energies occurs roughly simultaneously, whereas in the
latter case a pronounced delay between the flux enhancement
at different energies is observed (see e.g. Birn et al., 1997a).
A commonly accepted explanation for these two types of in-
jections is that dispersionless injections are observed by a
satellite situated in or near the source of accelerated parti-
cles, whereas dispersed injections are observed by a satellite
that is azimuthally distant from the injection source region,
so that gradient and curvature drifts are responsible for the
delay in arrival times of particles of different energies (e.g.
Anderson and Takahashi, 2000; Zaharia et al., 2000).
A pronounced dawn–dusk asymmetry has been found in
spatial distributions of ion and electron injection observed at
GEO. It has been found that local time (LT) distribution of
the occurrence frequency of high-energy (> 2MeV) electron
flux increase events is asymmetric with respect to midnight
with a larger rate in the dusk sector (Nagai, 1982). The dawn–
dusk asymmetry in the MeV electron fluxes was explained
by an increase in ion pressure in the duskside inner magneto-
sphere during enhanced convection that leads to a magnetic
field decrease due to diamagnetic effect and, therefore, to
the adiabatic decrease in electron flux. Lopez et al. (1990)
studied dispersionless ion injections observed by AMPTE
as a function of local time and radial distance. They found
an occurrence peak near midnight, with asymmetry towards
pre-midnight local times. A similar study, but using electron
injection measurements from the CRRES satellite was con-
ducted by Friedel et al. (1996) Their analysis showed that
the region of dispersionless injections is sharply bounded in
magnetic local time and can have a radial extent of several
RE.
Birn et al. (1997a) studied properties of the dispersion-
less injections observed at GEO by Los Alamos 1989-046
satellite, situated near the magnetic equator in the midnight
sector of the magnetotail. Their analysis revealed a signifi-
cant asymmetry in the injection properties with respect to the
Magnetic Local Time (MLT): proton-only injections are pre-
dominantly observed in the evening and pre-midnight sectors
(18:00–00:00MLT), whereas electron-only injections are ob-
served in the post-midnight sector (00:00–05:00MLT). Near
midnight, the probability of both ion and electron injection
observations maximises. Another finding is that the probabil-
ity to observe first proton then electron injections maximises
between 21:00 and 23:00MLT, whereas the probability to
observe first electron then proton injections is larger at mid-
night and in the post-midnight sector (23:00–03:00MLT).
The azimuthal offset of ion and electron dispersion-
less injections was confirmed by the simultaneous ob-
servations by two closely spaced synchronous satellites
(Thomsen et al., 2001). Similar results were also obtained
by Sergeev et al. (2013), who compared MLT distributions
of proton and electron dispersionless injections and auroral
streamers. It was shown that proton (electron) injections are
seen exclusively at negative (positive)1MLT, where1MLT
is the difference between MLTs of injection and streamer
observations (MLTsc–MLTstr). Test particle tracing in mag-
netic and electric fields resulting from MHD simulations of
magnetotail reconnections also showed that ion and elec-
tron dispersionless injection boundaries spread azimuthally
duskward and dawnward, respectively (Birn et al., 1997b;
Birn et al., 1998).
It is important to emphasise that dispersionless injections
were studied in the above discussed works. Thus, the spatial
dawn–dusk asymmetry in ion and electron injections can-
not be attributed to the gradient and curvature drifts in the
background quasi-dipole field that will lead the energy dis-
persion. Recent studies, both observation- and test-particle-
simulation-based, have revealed that the dawn–dusk asym-
metry appears within the fast-flow channel, where BZ is
larger than in the surrounding plasma sheet, and therefore,
in the steady-state reference frame, the electric field (mainly
V ⇥B) is enhanced (Birn et al., 2012; Gabrielse et al., 2012;
Runov et al., 2013). Although this asymmetry is due to ion
(electron) duskward (dawnward) drift within the channel, be-
cause of finite channel cross-tail size (1–3RE, Nakamura
et al., 2004) it does not lead the significant energy dispersion.
Injections have also been observed in the outer magneto-
tail. Bursts of high-energy protons and electrons with dura-
tions varying from 100 s to 100s of minutes were observed
by IMP-7 at geocentric distance ⇠ 35RE (e.g. Sarris et al.,
1976). Proton bursts were observed equally frequently in
the dawn- and dusksides of the magnetotail. However, a
strong dawn–dusk asymmetry in the distribution of the in-
tense proton bursts > 500 (cm2 s srMeV) 1 with majority of
these occurring in the dusk magnetotail was revealed. To our
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Figure 9. Probability and occurrence rate of ion (black) and elec-
tron (blue) dispersionless injections observed by THEMIS. From
Gabrielse et al. (2014).
knowledge, no dawn–dusk asymmetry in high-energy elec-
tron bursts has been found in the outer magnetotail.
THEMIS observations of ion and electron dispersion-
less injections at geocentric distances from 6 to ⇠ 20RE
were recently statistically studied by Gabrielse et al. (2014).
That study demonstrated (see Fig. 9) that the injections
observed far beyond geosynchronous orbit exhibit a pro-
nounced dawn–dusk asymmetry. Specifically, (1) at all dis-
tances both ion and electron injections are more frequently
observed in the pre-midnight sector with a peak in probabil-
ity at ⇠ 23:00MLT, (2) at radial distances larger that 12RE
(outer region) the probability to detect ion and electron injec-
tions is quite similar with the electron injection probability
offset slightly dawnward of the 23:00MLT peak, (3) within
12RE (inner region) the probability distributions for both i+
and e  injections are broader than that in the outer region; the
electron injection probability being shifted notably towards
dawn from the 23:00MLT peak.
2.4.5 Magnetotail asymmetries – summary
Numerous observations suggest that dynamic processes in
the magnetotail occur predominantly on the duskside and,
typically, localised within severalRE in the pre-midnight sec-
tor (Table 4). The localisation of convective fast flows, dipo-
larisation fronts and dispersionless particle injections, plas-
moids and TCRs can be understood by considering these
events as direct or indirect consequences of magnetic field
energy release via magnetotail reconnection. Reconnection,
in turn, is more probable within the pre-midnight sector be-
cause the cross-tail current density is higher and the current
sheet is thinner. What determines the reduced current sheet
thickness in the pre-midnight sector remains an open ques-
tion.
Figure 10. The four regional SMR indices from a superposed epoch
study of 125 storms. (Adapted from Fig. 7 in Newell and Gjerloev,
2012).
2.5 Inner magnetosphere asymmetries
The inner magnetosphere is the region of the magnetosphere
closest to the Earth, reaching out from the ionosphere to the
magnetopause on the dayside and⇠ 8–10RE on the nightside
(exclusive of the polar regions). The structure and dynam-
ics of the inner magnetosphere are driven by input from the
ionosphere and magnetotail and the interaction of this mate-
rial with the dipole magnetic field lines. Energetic particles
are trapped in this region and undergo a variety of drift mo-
tions due to the gradient and curvature of the magnetic field
(e.g. Schulz and Lanzerotti, 1974), with electrons drifting
eastward/dawnward and ions westward/duskward. We detail
asymmetries that occur in the radiation belts, ring current,
and plasmasphere regions. Many are likely the result of a
zoo of wave–particle interactions, which are discussed sepa-
rately.
2.5.1 Ring current symmetries
Dusk–dawn asymmetries in the ring current have been
known since 1918 when Chapman (1918) observed a more
pronounced disturbance in the north–south (H ) component
of Earth’s magnetic field at dusk. The stronger storm-time
disturbance at dusk is generally attributed to the partial ring
current (Harel et al., 1981). Love and Gannon (2009) found
the difference between the dusk and dawn disturbance to
be linearly proportional to the Dst index. Tsyganenko et al.
(2003) modelled the storm-time disturbance of Earth’s mag-
netic field using satellite-based magnetometer data for events
with Dst minimum at least  65 nT and found a stronger dis-
turbance at dusk. Newell and Gjerloev (2012) introduced the
SMR (SuperMag Ring current) indices that indicate the aver-
age perturbation of the horizontal component of the Earth’s
magnetic field measured by a set of ground magnetometer
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Table 4. Asymmetries in the magnetotail dynamics.
Process Asymmetry preference Source (years) Reference
Near-tail reconnection more frequent at dusk Geotail, Cluster (1996–1912) Eastwood et al. (2010)
signatures more frequent at dusk THEMIS (1996–2012) Nagai et al. (2013), Imber et al. (2011)
Plasmoid/TCR in the more frequent at dusk ISEE-3 (1982–1983) Slavin et al. (1985)
mid and distant tail more frequent at dusk ARTEMIS (2010–2012) Li et al. (2014)
Bursty bulk flows ambiguous AMPTE, ISEE-1/2 Baumjohann et al. (1990), Angelopoulos et al. (1992)
Geotail, Cluster,THEMIS Juusola et al. (2011)
Convective flows more frequent at dusk Geotail, WIND, Nagai et al. (1998), Raj et al. (2002)
THEMIS McPherron et al. (2011)
Dipolarisation fronts more frequent at dusk THEMIS (2007–2012) Liu et al. (2013)
Particle injections more frequent at dusk GEO Birn et al. (1997a)
stations centred at four local times: SMR-00, SMR-06, SMR-
12 and SMR-18. In a superposed epoch analysis of 125
storms, they found a consistently stronger perturbation at
dusk, as seen in Fig. 10. Using an enhanced TS04 model, Shi
et al. (2008) modelled the perturbation in the H of the low-
to mid-latitude geomagnetic field to determine the contribu-
tions of various currents, including the region 1 and 2 field-
aligned currents, currents that close the Chapman–Ferraro
current in the magnetopause and through the partial ring cur-
rent, respectively. For a weak partial ring current, they found
a day–night asymmetry with negativeH perturbation around
noon and positive H perturbation around midnight, primar-
ily caused by region 1 field-aligned currents. During storm
main phase, the partial ring current tended to be stronger,
pushing the negative H perturbations toward dusk, yielding
a dawn–dusk asymmetry. Solar wind dynamic pressure en-
hancements tend to increase the partial ring current and field-
aligned currents, resulting in nearly instantaneous measure-
ments of the dawn–dusk asymmetry in H perturbations. The
strength of the partial ring current during a storm depends on
preconditioning based on northward or southward IMF BZ .
Using simulations, Ebihara and Ejiri (2003) explained that
the asymmetry in the magnetic field causes protons with
small pitch angles to drift toward earlier local times than pro-
tons with larger pitch angles. Ring current ions move along
equipotential surfaces while the first and second adiabatic in-
variants are conserved, leading to adiabatic heating toward
dusk and cooling toward dawn (Milillo et al., 1996). Skewed
equatorial electric fields produced by the closure of the par-
tial ring current during active periods cause the peak in the
proton distribution function to occur between midnight and
dawn, as observed in ENA images such as Fig. 11.
2.5.2 Radiation belt asymmetries
Dawn–dusk asymmetries in radiation belt particle fluxes are
not well studied; instead much research has focused on the
source and loss processes that do preferentially act at certain
local times (see recent reviews by Millan and Thorne, 2007;
Thorne, 2010, for example). Many of these source and loss
processes are related to wave–particle interactions and hence
Figure 11. Images from two energy channels, 27–39 keV (top row)
and 50–60 keV (bottom row), from the High Energy Neutral Atom
(HENA) instrument on the IMAGE mission at two times during the
12 August 2000 geomagnetic storm, 08:00UT (just before mini-
mum Dst, left column) and 11:00UT (just after minimum Dst, right
column). The limb of the Earth and dipole field lines (L= 4 and
L= 8) at 00:00, 06:00, 12:00 and 18:00MLT are shown in white.
The proton distribution peak occurs in the midnight–dawn sector
due to skewed equatorial electric fields produced by the closure of
the partial ring current during active periods. (Adapted from Fig. 7
in Fok et al., 2003, .)
occur in the regions to be described in Sect. 2.5.4. Changes
in radiation belt particle fluxes can also be observed, not as a
result of particle acceleration or loss to the atmosphere, but
instead through the displacement of the drift shells on which
the particles travel. This displacement is dependent on the
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geometry of the magnetic field in the inner magnetosphere
and hence on the strength of the ring current – the so-called
Dst effect (McIlwain, 1966; Williams et al., 1968). Thus,
any asymmetries in ring current strength can alter the drift
paths of radiation belt electrons which manifests as an asym-
metry in electron flux. There is also evidence for a dawn–
dusk asymmetry in radiation belt electron flux caused by
substorm-related changes in the inner magnetospheric mag-
netic field: a more tail-like magnetic field in the dusk sector
shifts the drift path of energetic electrons, effectively moving
the radiation belt to lower latitudes (Lazutin, 2012).
2.5.3 Plasmasphere asymmetries
The upward extension of the cold, dense plasma from the
Earth’s ionosphere forms the plasmasphere. Motion of the
plasmaspheric population is governed by an electric field
made up of two potential components, corotation and con-
vection. The first potential dominates close to the Earth and is
an effect of Earth’s own rotation. The second comes from the
coupling of the solar wind and the magnetosphere and is a re-
sult of sunward return of plasma sheet flow. Figure 12 shows
how cold particles drift under such potentials. During geo-
magnetically quiet times, the plasmaspheric particles travel
on closedE⇥B drift shells around the Earth (within the sep-
aratrix), maintaining a fairly steady population. During dis-
turbed times, when dayside reconnection increases, the con-
vection potential is enhanced. An increase in the convection
potential will cause an inward motion of the edge of the plas-
masphere, or the plasmapause, and erosion of the outer ma-
terial (Grebowsky, 1970; Chen and Wolf, 1972; Carpenter
et al., 1993). Erosion of the outer plasma forms a sunward
convecting drainage plume or the plasmaspheric plume.
Recent spacecraft measurements with Cluster and
THEMIS as well as imaging from IMAGE have provided
insight to the morphology of plumes. During storm onset
the dayside plasmasphere surges sunward over a wide extent
in local time. As time progresses during the disturbance,
the extension narrows on the dawn side while staying
relatively stationary in the dusk extension (Sandel et al.,
2001; Goldstein et al., 2005). When dayside reconnection
decreases the narrow plume typically rotates eastward and
wraps itself around the plasmasphere (Goldstein et al., 2004;
Spasojevic´ et al., 2004).
The extension of cold dense plasma from the plume trans-
ports a large amount of mass to the outer magnetosphere.
Borovsky and Denton (2008) estimates that 2⇥ 1031 ions
(34 tonnes of protons) are transported via plumes in the life
of a storm. Spatially the plume extends sunward in the dusk
sector of the dayside magnetosphere (Chen andMoore, 2006;
Borovsky and Denton, 2008; Darrouzet et al., 2008), intro-
ducing a dawn–dusk asymmetry in the mass loading of the
dayside outer magnetosphere. The effect of this asymme-
try on solar-wind–magnetosphere coupling is discussed in
Sect. 3.1.
Figure 12. Drift paths of cold magnetospheric particles (top) and
hot ions and electrons (bottom). The stable plasmasphere (closed
drift paths inside of the separatrix) is shifted towards dusk.
2.5.4 Inner magnetosphere wave populations
Inner magnetospheric wave populations also exhibit dawn–
dusk asymmetries. The spatial distribution of some inner
magnetosphere wave populations is illustrated in Fig. 13, re-
produced from Thorne (2010). Whistler mode chorus waves
(Tsurutani and Smith, 1974) are typically found on the dawn
side of the magnetosphere (Li et al., 2009) just outside the
plasmapause and are linked to cyclotron resonant excitation
of injected plasma sheet electrons (Li et al., 2008b). Thus
the dawn–dusk asymmetry can be explained by consider-
ing the drift paths of the injected electrons (see Sects. 2.4.4
and 2.5.2). Electrostatic electron cyclotron harmonic waves
are also linked to the injection of plasma sheet electrons
into the inner magnetosphere (Horne and Thorne, 2000) and
have a similar spatial distribution (Meredith et al., 2009).
Plasmaspheric hiss is another whistler-mode emission that
is mostly observed within the plasmasphere. Hiss also ex-
hibits a dawn–dusk asymmetry: while average amplitudes of
hiss are strongest on the dayside, emission extends into the
pre-midnight sector at higher amplitudes than those observed
in the post-midnight sector (Meredith et al., 2004). The gen-
eration of plasmaspheric hiss has recently been linked to the
presence of chorus waves (Chum and Santolík, 2005; Bortnik
et al., 2008; Bortnik et al., 2009), so one might expect them to
have the same asymmetry. However, ray-tracing simulations
have suggested that chorus-mode waves that are generated
on the dayside can propagate eastwards and generate hiss in
the dusk sector (Chen et al., 2009).
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Figure 13. The spatial distribution of various inner magnetosphere
wave populations (after Thorne, 2010).
Electromagnetic ion cyclotron (EMIC) waves are excited
as a result of temperature anisotropy in ring current ions and
also exhibit a dawn–dusk asymmetry. They typically occur
in two frequency bands, just below the hydrogen and helium
gyrofrequencies, respectively. The helium band waves dom-
inate at dusk and are found between 8 and 12RE whereas at
dawn the hydrogen band waves dominate and are observed
between 10 and 12RE (Anderson et al., 1992; Min et al.,
2012). EMIC wave power is typically larger at dusk than
dawn (Min et al., 2012). EMIC waves have also been ob-
served in the plasmaspheric plumes in the afternoon sec-
tor (Morley et al., 2009). Plumes can extend over a wide
range of L-shells, and wave–particle interactions within them
have been suggested as a source of asymmetric precipita-
tion of ring current and radiation belt particles (Borovsky
and Denton, 2009). While EMIC waves may scatter energetic
particles during individual storms (e.g. Yuan et al., 2012),
statistically EMIC waves are present only 10% of the time
in plasmaspheric plumes (Usanova et al., 2013).
Equatorial magnetosonic waves are another class of
whistler-mode emission that are strongly confined to the
equatorial plane. They have frequencies partway between the
proton gyrofrequency and the lower hybrid frequency (e.g.
Santolík et al., 2004). Equatorial magnetosonic waves have
been observed both within and outside the plasmapause. In-
side the plasmapause they are most intense at dusk (Meredith
et al., 2008). Outside the plasmapause they are strongest in
the dawn sector (Ma et al., 2013).
The spatial distribution of the whistler-mode chorus wave
shown in Fig. 13 can be compared with the DMSP observa-
tions of diffuse aurora electron precipitation in Fig. 14 (top)
(after Wing et al., 2013). The diffuse electron aurora has a
strong dawn–dusk asymmetry and can be observed mainly
between 22:00 and 10:00MLT. As the plasma sheet electrons
E⇥B convect earthward, they also curvature and gradient
drift eastward toward dawn. The field-aligned component of
these electrons is quickly lost through the loss cone, but they
are replenished by pitch-angle scattering. A leading mecha-
nism for pitch-angle scattering is very low frequency (VLF)
whistler-mode chorus wave and electron interactions (e.g.
Thorne, 2010; Reeves et al., 2009; Summers et al., 1998).
Studies have shown that whistler-mode chorus waves are ex-
cited in the region spanning pre-midnight to noon. At around
10:00MLT the diffuse electron flux decreases, which may
suggest that the whistler-mode chorus waves start weaken-
ing. In the magnetosphere, the electrons continue to drift
eastward, circling the Earth, but they are only observed in
the ionosphere when and where there are whistler-mode cho-
rus waves to pitch-angle scatter them. Contrast this with the
asymmetry in monoenergetic auroral precipitation (Fig. 14,
bottom) which peaks in the pre-midnight sector. This distri-
bution will be discussed in more detail in Sect. 3.2.
2.6 Asymmetries in the thermosphere and ionosphere
The ionosphere has often been regarded as a projection of
magnetospheric processes that are, in turn, driven by the solar
wind, with the aurora as the most prominent manifestation.
However, the ionosphere and its dawn–dusk asymmetries in
particular can also have an impact on the magnetosphere. It
is also important to bear in mind that in the thermosphere, up
to approximately 1000 km altitude, the neutral density is still
significantly higher than the ion density. Collisions between
ions and neutrals cause exchange of momentum between the
two species, so motion and dynamics of ions and neutrals
influence each other.
Below, we show examples of dawn–dusk asymmetry in
both neutrals and ions of the thermosphere and its embed-
ded ionosphere.
2.6.1 The neutral atmosphere
In the thermosphere, i.e. the altitude range from approxi-
mately 85 up to 600 km, the dynamics are mainly dominated
by dayside solar heating which drives a diurnal circulation of
neutrals from the dayside to the nightside (e.g. Rees, 1979;
Manson et al., 2002). Due to a combination of the Earth’s
rotation (which introduces an opposite effect of the Coriolis
force at dawn and dusk) and the fairly slow transport, the in-
duced noon–midnight asymmetry in neutral density and tem-
perature becomes shifted towards a dawn–dusk asymmetry.
Figure 15 reproduced from Kervalishvili and Lühr (2013)
shows maps of the relative thermospheric mass density en-
hancements ( rel =  / model) for three local seasons: win-
ter, combined equinoxes and summer (measurements from
Northern and Southern Hemisphere are combined). The
dawn–dusk density asymmetry is most pronounced during
local winter, when the solar illumination is minimum and the
transport slower. Asymmetries in the neutral population also
affect the ionosphere: due to collisions between neutrals and
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Table 5. Overview of some pronounced dawn–dusk asymmetries in the inner magnetosphere.
Process/property Asymmetry preference Source References
Horizontal component stronger perturbation at dusk Ground magnetometers Chapman (1918); Newell and Gjerloev (2012)
of Earth’s B field stronger perturbation at dusk GOES, Polar, and Geotail Tsyganenko et al. (2003)
Adiabatic heating of stronger at dusk ENA simulations based on
ring current ions AMPTE/CCE/CHEM data Milillo et al. (1996)
Ion distribution peak at dawn HENA Fok et al. (2003)
Figure 14. The spatial distribution of electron precipitation respon-
sible for the diffuse aurora (top) and monoenergetic aurora (bot-
tom). Note the different sense in the asymmetry of auroral emission
(after Wing et al., 2013).
ions, a higher neutral density causes enhanced drag and thus
reduced plasma convection (e.g. Förster et al., 2008). Also,
higher neutral densities, as shown in Fig. 15, shift production
levels of O+ to higher altitudes, where reactions with other
constituents such as O2 and NO2 are less frequent, thus in-
creasing the escape probability. A comprehensive discussion
about the interaction between the neutral atmosphere and the
ionosphere is given in Bösinger et al. (2013)
2.6.2 Ionospheric convection
Embedded in the thermosphere is the ionosphere, with the
highest ion concentrations around 200–400 km (the iono-
spheric F layer) where solar ultraviolet radiation (10–100 nm
wavelength) induced ionisation of atomic and molecular oxy-
gen is the dominant formation process.
The ionosphere is magnetically coupled to the magne-
tosphere, and the interaction between the solar wind with
the dayside magnetopause will therefore also directly affect
ionospheric convection. In particular, during a southward ori-
ented IMF, a large-scale fast circulation of plasma in the
magnetosphere is set up (Dungey, 1961). In the polar iono-
sphere, this circulation is manifested as two large-scale con-
vection vortices. A cross-polar electric field is set up between
the foci of the two vortices. Since this electric field is essen-
tially the projection of the solar wind electric field across the
reconnection line on the dayside, this cross-polar potential is
often used as a proxy solar wind input energy to the magne-
tosphere.
Figure 16 shows maps of ionospheric convection in the
Northern Hemisphere, in the form of potential plots. These
synoptic maps were constructed from electric field measure-
ments from the Cluster Electron Drift Instrument (EDI – see
Paschmann et al., 2001) mapped down to 400 km altitude in
the ionosphere, and converted to electric potentials by using
the relation E = r8. Ground-based studies based on the
Super Dual Auroral Radar Network (SuperDARN – see e.g.
Greenwald et al., 1995) give similar results. Southern Hemi-
sphere patterns are similar, but are essentially mirrored with
respect to dawn and dusk.
For purely southward IMF conditions (middle panel), the
two large-scale convection cells are clearly apparent. The
flow is mainly antisunward across the central polar cap, but
skewed towards the pre-midnight sector behind the termi-
nator. The dawn–dusk asymmetry is perhaps best seen in
Ann. Geophys., 32, 705–737, 2014 www.ann-geophys.net/32/705/2014/
A. P. Walsh et al.: Dawn–dusk asymmetries 723
Winter Equinoxes Summer
Figure 15. Colour-coded maps of neutral mass density anomalies in the thermosphere as measured by the Challenging Mini Payload
(CHAMP) satellite at around 400 km altitude. Concentric circles indicate 50, 60, 70 and 80  magnetic latitudes. Left: local winter con-
dition, i.e. minimum solar illumination. Middle panel, combined equinoxes measurements; right, summer conditions with maximum solar
illumination. In particular during winter conditions a clear dawn–dusk asymmetry can be seen. After Kervalishvili and Lühr (2013). .
Figure 16. Maps of ionospheric convection in the Northern Hemi-
sphere during southward IMF conditions. In the middle panel, the
IMF is purely southward (i.e. clock angles around 180±22.5 ). The
left and right panels show the influence of an additional IMF BY
component (left: clock angles 225±22.5 , right: 135±22.5 ). The
labels 12, 06, 00, 18 indicate magnetic local times; the concentric
rings indicate 60, 70 and 80 degrees geomagnetic latitude. Plasma
flows along equipotential lines; density of lines gives an indication
of flow velocity. After Haaland et al. (2007). .
the left and right panels. A southward IMF with a posi-
tive IMF BY component (right panel) rotates the convection
cell patterns, and the main flow channel goes from around
10:00MLT on the dayside to 21:00–22:00MLT on the night-
side. A negative IMF BY of similar magnitude (left panel),
however, leads to an almost straight noon–midnight plasma
flow across the polar cap.
It is hard to envisage magnetospheric pro-
cesses as the only source of these asymmetries.
Atkinson and Hutchison (1978) attributed the lack of
mirror symmetry to nonuniformities in ionospheric conduc-
tivity. They noted that a steep conductivity gradient across
the day–night terminator tended to give a stronger squeezing
of the plasma flow toward the dawnside of the polar cap.
Tanaka (2001) used simulations with a realistic conductivity
distribution to reproduce the observed asymmetries, and
also noted that a uniform conductivity yielded symmetric
convection cells.
The fact that the dawn–dusk mirror symmetry breaking
can be explained by nonuniformities in ionospheric conduc-
tivity implies that magnetospheric convection is not simply
the result of processes at the magnetospheric boundaries or
in the magnetotail, but that it is modified by ionospheric ef-
fects.
2.6.3 Ionospheric outflow
Yau et al. (1984) found that upflow of both O+ and H+ with
energies of 0.01 to 1 keV and pitch angles of 100–160  was
larger at dusk. They also found a minimum in outflow in
the post-midnight sector. They also noted that the asymme-
try was altitude related, which they attributed to ion conic
or beam acceleration. In a study by Pollock et al. (1990),
however, the density of upwelling ions with low energies
(0–50 eV/q) was found to have only a weak relation with
magnetic local time, whereas the upwelling velocities dif-
fered for different ion species. Even with no asymmetry in
the ionospheric source, transport of ionospheric plasma can
cause asymmetric deposition in the magnetosphere. For ex-
ample, Howarth and Yau (2008) used Akebono measure-
ments to study trajectories of polar wind ions. They found
a strong IMF BY dependence, with deposition primarily in
the dusk sector of the plasma sheet when IMF BY was pos-
itive, and a more even distribution when IMF BY was nega-
tive. Their study also suggested that ions emanating from the
noon–dusk sector of the ionosphere could travel further in the
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tail, since the magnetic field lines are more curved. Likewise,
Liao et al. (2010) examined the transport of O+ (mainly from
the cusp region) to the tail lobes. For IMF BY positive, O+
from the Northern Hemisphere cusp was found to be more
likely to be transported to the dawn lobe, whereas O+ from
the Southern Hemisphere cusp/cleft region was transported
to dusk.
The IMF BY -induced asymmetry and opposite effects for
Northern Hemisphere and Southern Hemisphere can proba-
bly be explained by corresponding asymmetries in the day-
side reconnection. This, again, leads to an asymmetric con-
vection for the hemispheres (e.g. Haaland et al., 2007) and
consequently in the transport of cold plasma from the iono-
sphere via the tail lobes to the plasma sheet.
In addition to the IMF BY -induced asymmetries, observa-
tions also indicate the presence of a persistent dawn–dusk
asymmetry in plasma transport. Both Noda et al. (2003) and
Haaland et al. (2008) noted a persistent duskward convec-
tion, unrelated to IMF direction. In Haaland et al. (2008) this
asymmetry was related to the above-mentioned day–night
conductivity gradient in the ionosphere (see Sect. 2.6.2). Fur-
thermore, Yau et al. (2012) extended the single-particle sim-
ulation for the O+ outflow in storm cases and found a clear
dawn–dusk asymmetry. During five geomagnetic storms in-
vestigated, they found that the deposition of O+ was on av-
erage ⇠ 3 times higher in dusk than dawn plasma sheet.
A similar result, but using cold ion outflow (mainly pro-
tons with thermal and kinetic energy lower than 70 eV), was
reported by Li et al. (2013). Figure 17, from this study, illus-
trates the persistent asymmetry. There is a larger deposition
of cold ions of ionospheric origin in the dusk sector. In addi-
tion, there is also a strong IMF BY modulation (not shown).
Using the same data set, Li et al. (2012) also determined the
source area for the cold ions, and found the polar cap re-
gions to be the dominant contributors of cold plasma. Inter-
estingly, no significant dawn–dusk asymmetry was found in
the source.
3 Coupling between regimes
3.1 Solar wind – magnetosphere coupling
The impact of the solar wind on the Earth’s magnetosphere
drives activity in the magnetospheric system. The most sig-
nificant coupling of the solar wind to the magnetosphere
is via reconnection. While reconnection itself is most effi-
cient under southward IMF BZ , the orientation of the IMF
BY strongly influences asymmetries in the reconnection pro-
cess. For a given event, a non-zero IMF BY will result in
many asymmetric signatures in the magnetosphere and iono-
sphere, by imposing a torque on the magnetic field flux tubes
and their transport from dayside to nightside (Cowley, 1981).
Such a torque leads to tail flux asymmetry and shifted night-
side reconnection, and therefore asymmetries in particle
Figure 17. Maps of the deposition of cold ion flux from the iono-
sphere to the plasma sheet during periods with southward IMF con-
ditions. The top panel shows the deposition of cold ions traced back
to Cluster observations in the Northern Hemisphere polar cap and
lobes, the lower panels shows the corresponding maps of ions traced
back to the Southern Hemisphere. There is a clear dawn–dusk asym-
metry with a higher fluxes, and thus larger deposition in the dusk
sector. Adopted from Li et al. (2013).
populations and plasma convection in the plasma sheet. The
lobes of the magnetosphere also experience density asym-
metries under non-zero IMF BY , with the northern lobe hav-
ing higher dawnside density under IMF+BY . The IMF BY
field penetrates to geosynchronous orbit, creating an asym-
metry in geosynchronous BY of 30% (Cowley et al., 1983).
The twisted open flux tubes also result in skewed iono-
spheric convection patterns (Ruohoniemi and Greenwald,
2005; Haaland et al., 2007, see also Fig. 16).
Even when large statistical studies are used with aver-
age IMF BY = 0, many dawn–dusk asymmetries remain. IMF
data are usually presented in the geocentric solar ecliptic
(GSE) or the geocentric solar magnetospheric (GSM) sys-
tems, where the x axis is defined as pointing from the Earth
toward the Sun. The large majority of magnetospheric stud-
ies are presented in such coordinate systems. They are useful
for displaying satellite trajectories, solar wind velocity and
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Table 6. Ionospheric and thermospheric dawn–dusk asymmetries.
Process/property Asymmetry Explanation Reference
Large-scale convection clockwise rotation ionospheric conductivity Atkinson and Hutchison (1978); Tanaka (2001)
of convection cells Ridley et al. (2004)
Thermospheric density anomaly higher densities solar illumination,
on dusk local heating, transport Kervalishvili and Lühr (2013)
Coriolis force opposing ion drift on
dawn, enhancing on dusk Kervalishvili and Lühr (2013)
magnetic field measurements, magnetopause and bow shock
positions, magnetosheath and magnetotail magnetic fields
and plasma flows, etc. A solar wind velocity flowing straight
from the Sun to the Earth would only have a VX component
in such a system, with VY =VZ = 0. However, this does not
take into account the aberration, or rotation, of the solar wind
due to the Earth’s motion through space orbiting the Sun.
Since the Earth is moving in the YGSE direction, a small ro-
tation of the coordinate system is required to identify the true
flow direction impacting on the Earth’s magnetopause. The
aberrated GSE coordinate system (AGSE) removes this small
bias with the rotation angle ✓aberr = tan 1(VE/Vsw) where VE
is the velocity of the Earth around the Sun (30 km s 1). Many
studies that present dawn–dusk asymmetries do not utilise
the AGSE or AGSM coordinate systems.
Magnetosheath asymmetries are a direct result of solar
wind driving. The motion of dayside reconnected flux tubes
is asymmetric based on the IMF direction (Cooling et al.,
2001) such that the IMF clock angle controls the location of
flux transport event (FTE) signatures (Fear et al., 2012). In
general, more FTEs are observed on the dusk sector of the
magnetopause. Initially, this was attributed to stronger dusk-
side magnetic field in the magnetosheath due to Parker spiral
IMF draping (Kawano and Russell, 1996). However, recent
results found that the differences in FTE occurrence by IMF
spiral angle sector are not consistent with the Parker spiral
IMF orientation (Y. L. Wang et al., 2006).
The magnetopause boundary becomes more asymmetric
under strongly driven southward IMF BZ , such that geosyn-
chronous spacecraft are more likely to encounter the magne-
topause on the dawn side rather than the duskside. Dmitriev
et al. (2004) suggested that this could be due to either more
intensive magnetopause erosion on the pre-noon/dawn sec-
tor, or the asymmetric ring current effect “pushing” the dusk-
side magnetopause farther out. While the asymmetric ring
current during storms is a result of ion drift toward dusk, so-
lar wind pressure enhancements can increase the asymme-
try of an already asymmetric ring current by inducing an
azimuthal electric field that locally energises particles (Shi
et al., 2005).
The coupling does not only operate in one direction;
magnetospheric conditions can also change the solar-wind–
magnetosphere coupling. Borovsky and Denton (2006)
have proposed that the plasmaspheric plume will decrease
solar-wind magnetospheric coupling or the geoeffectiveness
of solar wind structures. When a plume extends to the
magnetopause (Elphic et al., 1996; McFadden et al., 2008;
B. M. Walsh et al., 2013) it will mass load a spatial region
at the magnetopause, typically on the duskside. As the den-
sity increases, the localised reconnection rate will decrease
causing a decrease in coupling (Borovsky et al., 2008). It is
uncertain whether this localised decrease can be significant
enough to impact the magnetospheric convection system.
3.2 Magnetosphere–ionosphere coupling
The ionosphere plays an active role in determining the state
of magnetospheric convection, providing closure for the
magnetospheric currents. The amount of current that can
be carried through the ionosphere is determined by iono-
spheric conductivity. It has been noticed that the day–night
gradient of the ionospheric conductivity produces the dawn–
dusk asymmetry in the polar cap convection (Atkinson and
Hutchison, 1978). Observations and modelling suggest that
the two-cell ionospheric convection pattern is rotated clock-
wise with respect to the noon–midnight meridian even for
IMF BY ' 0 conditions (e.g. Ridley et al., 2004; Ruohoniemi
and Greenwald, 2005; Haaland et al., 2007; Cousins and
Shepherd, 2010, see also Sect. 2.6.2 and Fig. 16).
The dawn–dusk asymmetry in ionospheric convection re-
sulting from the conductance gradient (e.g. Atkinson and
Hutchison, 1978; Tanaka, 2001; Ridley et al., 2004) may af-
fect the geometry of magnetotail lobes and, therefore, the
geometry of plasma and current sheet. Zhang et al. (2012)
use three-dimensional global MHD Lyon–Fedder–Mobarry
(LFM) model to simulate a magnetosphere response on so-
lar wind/IMF driving. The realistic model of the ionospheric
conductance included effects of electron precipitation and
solar UV ionisation. The numerical experiment was con-
trolled to eliminate all asymmetries and variability in the so-
lar wind to isolate an effect of the ionospheric state on mag-
netotail activity. These controlled simulations by Zhang et al.
(2012) suggest that the ionospheric conductance can regulate
the distribution of fast flows in the magnetotail so that the
flows are more intense in the pre-midnight plasma sheet.
The simulations by Zhang et al. (2012) have revealed that
gradients in Hall ionospheric conductance are necessary to
create the dawn–dusk asymmetry (note that neither IMF BY
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nor solar wind VY were included). These simulations are con-
firmed by observations; the observed distributions of Hall
conductance lead to a rotation in the polar cap convection
in order to preserve current continuity. The rotation results
in the displacement of the symmetry axis of the two-cell
convection from the noon–midnight meridian to the 11:00–
23:00 LT as shown in Fig. 16. The clockwise rotation of the
convection pattern causes more open flux to be diverted to-
wards the duskside of the magnetotail. This results in dawn–
dusk asymmetry of loading and, consequently, reconnection
of magnetic flux in the plasma sheet (Smith, 2012). Numer-
ical tests including clockwise as well as (unrealistic) anti-
clockwise rotation of the polar cap convection pattern have
shown a linear correlation between a degree of convection
pattern rotation and a degree of reconnection asymmetry.
The ionospheric outflow may also influence the processes
in the magnetotail plasma sheet. It has been argued by Baker
et al. (1982) that asymmetries in the distribution of enhanced
density of O+ may define regions in the plasma sheet where
tearing mode growth rate are increased and the instability
threshold is lowered. They pointed out that statistical stud-
ies of O+ concentration in the plasma sheet revealed sig-
nificant dawn–dusk asymmetry with larger occurrence rate
in the pre-midnight sector. Adopting the criterion for onset
of the linear ion tearing instability (Schindler, 1974), Baker
et al. (1982) studied the possible role of the ionospheric O+
ions in the development of plasma sheet tearing. Their anal-
ysis resulted in maximum tearing growth rate in the range of
 15<XGSM < 10RE and YGSM ⇠ 5RE. Recent statisti-
cal studies of Geotail/EPIC data have confirmed that average
energy of the O+ ions increases toward dusk (Ohtani et al.,
2011).
The observed asymmetry in monoenergetic auroral elec-
tron precipitation (Fig. 14, bottom) is also thought, in part, to
be a result of magnetosphere–ionosphere coupling. The pre-
cipitating energy flux can be associated with the upward re-
gion 1 field-aligned currents, which are mostly located in the
pre-midnight sector (e.g. Wing et al., 2013, and references
therein).
3.2.1 Plasma sheet and the inner magnetosphere
As geomagnetic activity increases, the boundary between
open and closed drift paths moves closer to Earth. Thus,
protons and electrons from the plasma sheet are able to ac-
cess geosynchronous orbit during storms. Using LANL-MPA
(Los Alamos National Laboratory Magnetospheric Plasma
Analyzer) measurements, Korth et al. (1999) found higher
densities toward dawn for both electrons and ions (with en-
ergies 1 eV–40 keV) at geosynchronous orbit during peri-
ods of higher geomagnetic activity. For low geomagnetic ac-
tivity, the electron and ion densities peak at midnight, but
the reasons for lower densities at dawn and dusk differ. For
electrons, the duskside region is dominated by closed drift
paths for electron plasma sheet energies while plasma sheet
electrons are lost to precipitation on the dawn side. For pro-
tons, the ions take longer to drift toward the duskside, allow-
ing more losses to precipitation. Temperatures also exhibit
an asymmetry – with hotter ion temperatures toward dusk. In
addition to the gradient–curvature drift yielding higher ion
temperatures toward dusk in the magnetotail, higher energy
ions that drift toward dawn are preferentially lost to parti-
cle precipitation (Denton et al., 2006). During a geomagnetic
storm, ion temperatures toward dusk increase while those to-
ward dawn decrease, yielding a more pronounced asymmetry
around minimum Dst. Such cold temperatures in the dawn–
noon sector have been observed during geomagnetic storms
with in situ measurements at geosynchronous orbit (Denton
et al., 2006) and with remote TWINS ENA measurements
(Keesee et al., 2012).
During enhanced geomagnetic activity, plasma sheet
ions penetrate deep into the inner magnetosphere (e.g.
Ganushkina et al., 2000; Runov et al., 2008). The low-
energy (< 10 keV) part of this population is subject to the
co-rotation drift and drifts dawnward, whereas the high-
energy (> 10 keV) part drifts duskward following gradient-
and curvature-drift paths (see Fig. 12). A population with
energy ⇠ 10 keV often becomes “stagnant”, forming the so-
called “ion nose structures” because of a characteristic shape
of the energy spectrogram (e.g. Ganushkina et al., 2000).
Statistical studies of ion nose structures observed by Po-
lar/CAMMICE revealed dawn–dusk asymmetry in the event
distribution with larger occurrence rate in the dusk sector.
In general, enhanced plasma sheet convection and ener-
getic plasma sheet particle injections build up an asymmetric
pressure in the inner magnetosphere with stronger enhance-
ment on the duskside that results from asymmetric drifts of
energetic ions and electrons. Duskward gradient and curva-
ture drifts of energetic ions lead to localised pressure in-
creases.
4 Open Issues and inconsistencies
Many of the dawn–dusk asymmetries discussed in the previ-
ous sections can be explained by asymmetries in the input.
In particular, the IMF interaction with the magnetosphere is
known to impose significant asymmetries in the plasma en-
try and flux transport. On the other hand, the difference in
behaviour/motion of ions and electrons in nonuniform fields
is another source of asymmetries. However the relative im-
portance of these two mechanisms is largely unknown.
Below, we try to identify some still-open issues in our
understanding of dawn–dusk asymmetries observed in the
Earth’s magnetosphere and ionosphere.
4.1 External versus internal influence
As seen in Sects. 2.1 and 2.1.2, pronounced dawn–dusk
asymmetries exist in the magnetosheath. A still open
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question is the degree to which this asymmetry translates
into a corresponding asymmetry inside the magnetopause,
and whether this can explain e.g. the observed asymmetries
in observed properties and processes in the nightside plasma
sheet.
The relative importance of the ionosphere for magneto-
spheric dawn–dusk asymmetries is also largely unknown.
Conductivity effects as discussed in Sects. 2.6.2 and 3.1
are believed to cause a local ionospheric asymmetry in the
ionospheric plasma transport, but their effect on magnetotail
flows is still disputed. Likewise, neutral density and wind can
influence both ion outflow and ionospheric drag, but the role
of the thermosphere for large-scale magnetospheric dawn–
dusk asymmetries is still largely unknown.
4.2 Ring current closure
One of the first scientific observations of a dawn–dusk asym-
metry in geospace was reported by Chapman (1918). He
noted that ground magnetic perturbations associated with ge-
omagnetic storms were larger at dusk. The first direct ob-
servations of an asymmetric ring current were made in the
early 1970s (e.g. Frank, 1970) as spacecraft observations be-
came available. An asymmetry in the ring current naturally
raises the question of current closure. Initially, the observed
dawn–dusk asymmetry, or partial ring current, was mainly
attributed to divergence either through field-aligned currents
into the ionosphere, through the cross-tail current or as local
current loops within the magnetosphere (e.g. Liemohn et al.,
2013). The recent results from Haaland and Gjerloev (2013)
indicate a mutual influence between the ring current and
magnetopause current, although a clear current loop connect-
ing the ring current with the magnetopause current has not
been firmly established.
4.3 The impact of the plume on magnetospheric driving
As discussed in Sect. 2.5 the plasmaspheric plume is capable
of transporting large amounts of plasma from the dense plas-
masphere to the outer magnetosphere, primarily in the dusk
sector. Mass loading of the dayside magnetopause in this re-
gion has been shown to impact reconnection (B. M. Walsh
et al., 2013) and could impact the efficiency of solar-wind–
magnetosphere coupling. Borovsky et al. (2013) predict that
the plume can reduce reconnection by up to 55% during
coronal mass ejections (CMEs) or high-speed streams. On a
larger scale, Borovsky and Denton (2006) looked at geomag-
netic activity with and without a plume present at geosyn-
chronous orbit and concluded that the impact of the plume is
significant enough to reduce geomagnetic activity.
By contrast, Lopez et al. (2010) argue that although the
plume may reduce the reconnection rate locally where high-
density material contacts the magnetopause, the total re-
connection rate integrated across the full X-line should not
change significantly. In the Lopez et al. (2010) model, the
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Figure 18. Schematic diagram showing some of the iden-
tified dawn–dusk asymmetries in the coupled solar wind–
magnetosphere–ionosphere system. The configuration for a Parker
spiral orientation of the IMF is shown. (1) The foreshock shows a
greater occurrence of ULF waves in the quasi-perpendicular shock
region towards dawn; (2) the magnetosheath is thinner, more tur-
bulent and denser at dawn, but magnetic field strength is greater
at dusk; (3) the magnetopause is thicker at dawn, but the magne-
topause current density is greater at dusk; (4) the plasmasphere ex-
tends out to the magnetopause in plumes, typically seen on the dusk-
side; (5) the ring current is asymmetric and stronger on the dusk-
side; (6) high energy particle injections at geosynchronous orbit are
more common on the duskside; (7) magnetotail ions are made up
of hot and cold populations – the hot population is colder and the
cold population is hotter towards dawn (distributions shown in dif-
ferential energy flux); (8) the occurrence of convective fast flows
in the tail shows no dawn–dusk asymmetry, but flows towards dusk
are faster; (9) the magnetotail current sheet is thicker towards dawn
and the current density is greater towards dusk; (10) signatures of
reconnection are more commonly seen towards dusk.
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density asymmetry would not significantly impact magne-
tospheric convection or the development of storms. Under-
standing the full impact of the plume on reconnection and
storm dynamics remains an open issue.
5 Summary and conclusions
Asymmetries are ubiquitous features of the Earth’s magne-
tosphere and plasma environment. Noon–midnight asymme-
tries are mainly governed by solar illumination resulting in
strongly asymmetric ionisation in the nightside and dayside.
Magnetic gradients due to the compressed sunward-facing
magnetosphere on noon and the corresponding stretched
magnetotail tail in the nightside also introduces a significant
noon–midnight asymmetry. Similarly, north–south asymme-
tries can often be explained by seasonal differences in illumi-
nation of the two hemispheres, and consequently differences
in ionospheric conductivity. Differences in the geomagnetic
field between the two hemispheres will also create north–
south asymmetries in ionospheric plasma motion.
Persistent dawn–dusk asymmetries, on the other hand,
have received less attention and are not always easy to ex-
plain. In this paper, we have tried to give an overview of
prominent dawn–dusk observational features and their pos-
sible explanations. Figure 18 gives a schematic overview of
some of the dawn–dusk asymmetries discussed in this paper.
We have focused on four key aspects: (1) the role of external
influences such as the solar wind and its interaction with the
Earth’s magnetosphere; (2) properties of the magnetosphere
itself; (3) the role of the ionosphere for magnetospheric dy-
namics, and (4) the coupling between the solar wind, magne-
tosphere and ionosphere.
As reviewed in Sect. 2.1, external factors such as bow
shock geometry and direction of the interplanetary magnetic
field, labelled (1) and (2) in Fig. 18, are important for dawn–
dusk asymmetries. The shock geometry creates an asymme-
try in plasma properties at dawn and dusk of the magne-
tosheath. In addition, the IMF orientation exerts significant
control of both magnetospheric and ionospheric processes.
A key element here is the dayside interaction between the
IMF and the geomagnetic field, and IMF BY is perhaps the
strongest driver of dawn–dusk asymmetry in the magneto-
sphere. This interaction is also manifested in the ionosphere
where the large-scale plasma convection pattern shows a sys-
tematic response to IMF orientation.
Asymmetries in the magnetosheath are also reflected in-
side the magnetosphere. In Sect. 2.3 we pointed out the role
of plasma entry from the magnetosheath along the magne-
topause flanks. Differences in dawn and dusk magnetosheath
plasma properties will consequently influence geometry (9),
plasma properties (7) and processes in the magnetotail (8),
(10).
External drivers are not fully able to explain all dawn–dusk
asymmetry, though. As discussed in Sect. 2.5, a noticeable
dawn–dusk asymmetry arises as a consequence of gradient
and curvature drift of particles; electrons and ions are de-
flected in opposite directions. This is most pronounced for
the inner magnetosphere, where the magnetic gradients are
stronger. A prominent example is the asymmetric ring cur-
rent (5), with a stronger net current on the duskside.
In Sect. 2.6 we discussed dawn–dusk asymmetries in the
thermosphere and its embedded ionosphere. In addition to
asymmetries imposed by the magnetosphere, these regions
also possess locally induced dawn–dusk asymmetries. Dif-
ferences in thermospheric heating and conductivity gradients
in the ionosphere are two prominent examples.
In order to fully understand the dynamic behaviour of
geospace, including mechanisms responsible for dawn–dusk
asymmetry, we must treat the solar wind, magnetosphere and
ionosphere as a fully coupled system. As seen in Sect. 3, key
aspects in regulating the response of this coupled system are
the degree of feedback provided by the magnetosphere to the
solar wind input, and the feedback from the ionosphere to
the magnetosphere. The feedback from the ionosphere, both
in the form of ion outflow (discussed in Sect. 2.6.3) and
the role of ionospheric conductivity (discussed in Sect. 3.2)
have been studied extensively, and are believed to influence
the magnetosphere. Magnetospheric feedback to the magne-
topause and bow shock regions, for example the effect of the
plume (labelled (4) in Fig. 18) on dayside reconnection (dis-
cussed in Sect. 4.3) is still largely unexplored, however. It
is therefore fair to say that there are still major gaps in our
understanding of phenomena that introduce asymmetries in
geospace.
Acknowledgements. This paper is the output of the International
Space Science Institute international team “dawn–dusk asymme-
try in the Coupled Solar Wind Magnetosphere Ionosphere system”.
The authors wish to acknowledge ISSI for funding our meetings
in Berne. S. Haaland acknowledges support by the Norwegian Re-
search Council under contract 223252/F50. A. M. Keesee acknowl-
edges support from NASA EPSCoR Award NNX10AN08A and
WVU Research and Scholarship Committee. J. Soucek acknowl-
edges the support of grant P209/12/2394 of Czech Science Foun-
dation GACR. S. Wing acknowledges the support of NSF grant
AGS-1058456. C. Forsyth acknowledges support of STFC Consol-
idated Grant ST/K000977/1. J. Kissinger was supported by an ap-
pointment to the NASA Postdoctoral Program at the Goddard Space
Flight Center, administered by Oak Ridge Associated Universities
through a contract with NASA.
Topical Editor E. Roussos thanks R. A. Treumann and R. Fear
for their help in evaluating this paper.
Ann. Geophys., 32, 705–737, 2014 www.ann-geophys.net/32/705/2014/
A. P. Walsh et al.: Dawn–dusk asymmetries 729
References
Anderson, B. J. and Fuselier, S. A.: Magnetic pulsations from 0.1
to 4.0 Hz and associated plasma properties in the earth’s subsolar
magnetosheath and plasma depletion layer, J. Geophys. Res., 98,
1461–1479, doi:10.1029/92JA02197, 1993.
Anderson, B. J. and Takahashi, K.: Pitch angle disper-
sion of ion injections, J. Geophys. Res., 105, 18709,
doi:10.1029/1998JA000332, 2000.
Anderson, B. J., Erlandson, R. E., and Zanetti, L. J.: A statistical
study of Pc 1–2 magnetic pulsations in the equatorial magneto-
sphere. I – Equatorial occurrence distributions, J. Geophys. Res.,
97, 3075–3101, doi:10.1029/91JA02706, 1992.
Angelopoulos, V., Baumjohann, W., Kennel, C. F., Coroniti, F. V.,
Kivelson, M. G., Pellat, R., Walker, R. J., Lühr, H., and
Paschmann, G.: Bursty bulk flows in the inner central plasma
sheet, J. Geophys. Res., 97, 4027–4039, 1992.
Angelopoulos, V., Kennel, C. F., Coroniti, F. V., Pellat, R., Spence,
H. E., Kivelson, M. G., Walker, R. J., Baumjohann, W., Feldman,
W. C., Gosling, J. T., and Russell, C. T.: Characteristics of ion
flow in the quiet state of the inner plasma sheet, Geophys. Res.
Lett., 20, 1711–1714, doi:10.1029/93GL00847, 1993.
Angelopoulos, V., Kennel, C. F., Coroniti, F. V., Pellat, R., Kivel-
son, M. G., Walker, R. J., Russell, C. T., Baumjohann, W.,
Feldman, W. C., and Gosling, J. T.: Statistical characteris-
tics of bursty bulk flow events, J. Geophys. Res., 99, 21257,
doi:10.1029/94JA01263, 1994.
Archer, M., Horbury, T. S., Lucek, E. A., Mazelle, C., Balogh,
A., and Dandouras, I.: Size and shape of ULF waves in
the terrestrial foreshock, J. Geophys. Res., 110, A05208,
doi:10.1029/2004JA010791, 2005.
Artemyev, A. V., Petrukovich, A. A., Nakamura, R., and Zelenyi,
L. M.: Cluster statistics of thin current sheets in the Earth mag-
netotail: Specifics of the dawn flank, proton temperature pro-
files and electrostatic effects, J. Geophys. Res., 116, A09233,
doi:10.1029/2011JA016801, 2011.
Atkinson, G. and Hutchison, D.: Effect of the day night ionospheric
conductivity gradient on polar cap convective flow, J. Geophys.
Res., 83, 725–729, doi:10.1029/JA083iA02p00725, 1978.
Baker, D. N., Hones Jr., E. W., Young, D. T., and Birn, J.: The possi-
ble role of ionospheric oxygen in the initiation and development
of plasma sheet instabilities, Geophys. Res. Lett., 9, 1337–1340,
doi:10.1029/GL009i012p01337, 1982.
Balogh, A. and Treumann, R. A.: Physics of Collisionless Shocks:
Space Plasma Shock Waves, ISSI Scientific Reports Series, 12,
doi:10.1007/978-1-4614-6099-2, ISBN no. 978-1-4614-6099-2,
2013.
Baumjohann, W., Paschmann, G., and Lühr, H.: Characteristics of
high-speed flows in the plasma sheet, J. Geophys. Res., 95, 3801–
3809, 1990.
Baumjohann, W., Hesse, M., Kokubun, S., Mukai, T., Nagai, T.,
and Petrukovich, A. A.: Substorm dipolarization and recovery, J.
Geophys. Res., 104, 24995–25000, doi:10.1029/1999JA900282,
1999.
Birn, J., Thomsen, M. F., Borovsky, J. E., Reeves, G. D., McCo-
mas, D. J., and Belian, R. D.: Characteristic plasma properties
during dispersionless substorm injections at geosynchronous or-
bit, J. Geophys. Res., 102, 2309–2324, doi:10.1029/96JA02870,
1997a.
Birn, J., Thomsen, M. F., Borovsky, J. E., Reeves, G. D., McCo-
mas, D. J., Belian, R. D., and Hesse, M.: Substorm ion injec-
tions: Geosynchronous observations and test particle orbits in
three-dimensional dynamic MHD fields, J. Geophys. Res., 102,
2325–2341, 1997b.
Birn, J., Thomsen, M. F., Borovsky, J. E., Reeves, G. D., McComas,
D. J., Belian, R. D., and Hesse, M.: Substorm electron injections:
Geosynchronous observations and test particle simulations, J.
Geophys. Res., 103, 9235–9248, doi:10.1029/97JA02635, 1998.
Birn, J., Artemyev, A. V., Baker, D. N., Echim, M., Hoshino, M.,
and Zelenyi, L. M.: Particle Acceleration in the Magnetotail and
Aurora, Space Sci. Rev., 173, 49–102, doi:10.1007/s11214-012-
9874-4, 2012.
Borovsky, J. E. and Denton, M. H.: Effect of plasmaspheric
drainage plumes on solar-wind/magnetosphere coupling, Geo-
phys. Res. Lett., 33, L20101, doi:10.1029/2006GL026519, 2006.
Borovsky, J. E. and Denton, M. H.: A statistical look at plas-
maspheric drainage plumes, J. Geophys. Res., 113, A09221,
doi:10.1029/2007JA012994, 2008.
Borovsky, J. E. and Denton, M. H.: Relativistic-electron dropouts
and recovery: A superposed epoch study of the magneto-
sphere and the solar wind, J. Geophys. Res., 114, A02201,
doi:10.1029/2008JA013128, 2009.
Borovsky, J. E. and Denton, M. H.: Magnetic field at geosyn-
chronous orbit during high-speed stream-driven storms: Con-
nections to the solar wind, the plasma sheet, and the outer
electron radiation belt, J. Geophys. Res., 115, A08217,
doi:10.1029/2009JA015116, 2010.
Borovsky, J. E., Hesse, M., Birn, J., and Kuznetsova, M. M.: What
determines the reconnection rate at the dayside magnetosphere?,
J. Geophys. Res., 113, A07210, doi:10.1029/2007JA012645,
2008.
Borovsky, J. E., Denton, M. H., Denton, R. E., Jordanova, V. K.,
and Krall, J.: Estimating the effects of ionospheric plasma on
solar wind/magnetosphere coupling via mass loading of dayside
reconnection: Ion-plasma-sheet oxygen, plasmaspheric drainage
plumes, and the plasma cloak, J. Geophys. Res., 118, 5695–5719,
doi:10.1002/jgra.50527, 2013.
Bortnik, J., Thorne, R. M., and Meredith, N. P.: The unexpected
origin of plasmaspheric hiss from discrete chorus emissions, Na-
ture, 452, 62–66, doi:10.1038/nature06741, 2008.
Bortnik, J., Li, W., Thorne, R. M., Angelopoulos, V., Cully, C., Bon-
nell, J., Le Contel, O., and Roux, A.: An Observation Linking the
Origin of Plasmaspheric Hiss to Discrete Chorus Emissions, Sci-
ence, 324, 775–778, doi:10.1126/science.1171273, 2009.
Bösinger, T., LaBelle, J., Opgenoorth, H. J., Pommereau, J.-P., Sh-
iokawa, K., Solomon, S., and Treumann, R.: Dynamic Coupling
Between Earth’s Atmospheric and Plasma Environments, Vol. 42
of Space Sciences Series of ISSI, Springer, 2013.
Brambles, O. J., Lotko, W., Zhang, B., Wiltberger, M., Lyon,
J., and Strangeway, R. J.: Magnetosphere sawtooth oscilla-
tions induced by ionospheric outflow, Science, 332, 1183–1186,
doi:10.1126/science.1202869, 2011.
Carpenter, D. L., Giles, B. L., Chappell, C. R., Décréau, P. M. E.,
Anderson, R. R., Persoon, A. M., Smith, A. J., Corcuff, Y.,
and Canu, P.: Plasmasphere dynamics in the duskside bulge re-
gion: A new look at old topic, J. Geophys. Res., 98, 19243,
doi:10.1029/93JA00922, 1993.
www.ann-geophys.net/32/705/2014/ Ann. Geophys., 32, 705–737, 2014
730 A. P. Walsh et al.: Dawn–dusk asymmetries
Chapman, J. F., Cairns, I. H., Lyon, J. G., and Boshuizen, C. R.:
MHD simulations of Earth’s bow shock: Interplanetary magnetic
field orientation effects on shape and position, J. Geophys. Res.,
109, A04215, doi:10.1029/2003JA010235, 2004.
Chapman, S.: An Outline of a Theory of Magnetic Storms, Proc.
Royal Soc. A, 95, 61–83, doi:10.1098/rspa.1918.0049, 1918.
Chen, A. J. and Wolf, R. A.: Effects on the plasmasphere of a time-
varying convection electric field, Planet. Space Sci., 20, 483–
509, doi:10.1016/0032-0633(72)90080-3, 1972.
Chen, C. X. and Wolf, R. A.: Interpretation of high-speed flows in
the plasma sheet, J. Geophys. Res., 98, 21409–21419, 1993.
Chen, L., Bortnik, J., Thorne, R. M., Horne, R. B., and Jordanova,
V. K.: Three-dimensional ray tracing of VLF waves in a magne-
tospheric environment containing a plasmaspheric plume, Geo-
phys. Res. Lett., 36, L22101, doi:10.1029/2009GL040451, 2009.
Chen, S.-H. and Moore, T. E.: Magnetospheric convection and ther-
mal ions in the dayside outer magnetosphere, J. Geophys. Res.,
111, A03215, doi:10.1029/2005JA011084, 2006.
Chum, J. and Santolík, O.: Propagation of whistler-mode chorus
to low altitudes: divergent ray trajectories and ground accessibil-
ity, Ann. Geophys., 23, 3727–3738, doi:10.5194/angeo-23-3727-
2005, 2005.
Cooling, B. M. A., Owen, C. J., and Schwartz, S. J.:
Role of the magnetosheath flow in determining the motion
of open flux tubes, J. Geophys. Res., 106, 18763–18776,
doi:10.1029/2000JA000455, 2001.
Cousins, E. D. P. and Shepherd, S. G.: A dynamical model
of high-latitude convection derived from SuperDARN
plasma drift measurements, J. Geophys. Res., 115, A12329,
doi:10.1029/2010JA016017, 2010.
Cowley, S. W. H.: Magnetospheric asymmetries associated with
the y-component of the IMF, Planet. Space. Sci., 29, 79–96,
doi:10.1016/0032-0633(81)90141-0, 1981.
Cowley, S. W. H., Southwood, D. J., and Saunders, M. A.: In-
terpretation of magnetic field perturbations in the earth’s mag-
netopause boundary layers, Planet. Space Sci., 31, 1237–1258,
doi:10.1016/0032-0633(83)90062-4, 1983.
Darrouzet, F., De Keyser, J., Décréau, P. M. E., El Lemdani-
Mazouz, F., and Vallières, X.: Statistical analysis of plasmas-
pheric plumes with Cluster/WHISPER observations, Ann. Geo-
phys., 26, 2403–2417, doi:10.5194/angeo-26-2403-2008, 2008.
Davey, E. A., Lester, M., Milan, S. E., and Fear, R. C.: Storm and
substorm effects on magnetotail current sheet motion, J. Geo-
phys. Res.-Space, 117, A02202, doi:10.1029/2011JA017112,
2012a.
Davey, E. A., Lester, M., Milan, S. E., Fear, R. C., and Forsyth, C.:
The orientation and current density of the magnetotail current
sheet: A statistical study of the effect of geomagnetic conditions,
J. Geophys. Res., 117, A07217, doi:10.1029/2012JA017715,
2012b.
Denton, M. H., Borovsky, J. E., Skoug, R. M., Thomsen, M. F.,
Lavraud, B., Henderson, M. G., McPherron, R. L., Zhang, J. C.,
and Liemohn, M. W.: Geomagnetic storms driven by ICME-
and CIR-dominated solar wind, J. Geophys. Res., 111, 1–12,
doi:10.1029/2005JA011436, 2006.
Dmitriev, A. V., Suvorova, A. V., Chao, J. K., and Yang,
Y.-H.: Dawn-dusk asymmetry of geosynchronous mag-
netopause crossings, J. Geophys. Res., 109, A05203,
doi:10.1029/2003JA010171, 2004.
Dungey, J. W.: Interplanetary Magnetic Field and
the Auroral Zones, Phys. Rev. Lett., 6, 47–48,
doi:10.1103/PhysRevLett.6.47, 1961.
Dunlop, M. W., Southwood, D. J., Glassmeier, K.-H., and
Neubauer, F. M.: Analysis of multipoint magnetometer data,
Adv. Space Res., 8, 273–277, doi:10.1016/0273-1177(88)90141-
X, 1988.
Eastwood, J. P., Balogh, A., Lucek, E. A., Mazelle, C.,
and Dandouras, I.: Quasi-monochromatic ULF foreshock
waves as observed by the four-spacecraft Cluster mission:
1. Statistical properties, J. Geophys. Res., 110, A11219,
doi:10.1029/2004JA010617, 2005a.
Eastwood, J. P., Lucek, E. A., Mazelle, C., Meziane, K., Narita, Y.,
Pickett, J., and Treumann, R. A.: The Foreshock, Space. Sci. Rev,
118, 41–94, doi:10.1007/s11214-005-3824-3, 2005b.
Eastwood, J. P., Phan, T. D., Øieroset, M., and Shay, M. A.: Aver-
age properties of the magnetic reconnection ion diffusion region
in the Earth’s magnetotail: The 2001–2005 Cluster observations
and comparison with simulations, J. Geophys. Res.-Space, 115,
A08215, doi:10.1029/2009JA014962, 2010.
Ebihara, Y. and Ejiri, M.: Numerical simulation of the ring current:
Review, Space Sci. Rev., 105, 377–452, 2003.
Elphic, R. C., Weiss, L. A., Thomsen, M. F., McComas, D. J., and
Moldwin, M. B.: Evolution of plasmaspheric ions at geosyn-
chronous orbit during times of high geomagnetic activity, Geo-
phys. Res. Lett., 23, 2189–2192, doi:10.1029/96GL02085, 1996.
Engebretson, M. J., Lin, N., Baumjohann, W., Luehr, H., and
Anderson, B. J.: A comparison of ULF fluctuations in the
solar wind, magnetosheath, and dayside magnetosphere. I –
Magnetosheath morphology. II – Field and plasma condi-
tions in the magnetosheath, J. Geophys. Res., 96, 3441–3464,
doi:10.1029/90JA02101, 1991.
Fairfield, D. H.:Waves in the vicinity of the magnetopause, in: Mag-
netospheric Particles and Fields, edited by: McCormac, B. M.,
67–77, 1976.
Fairfield, D.: The magnetic field of the equatorial magnetotail from
10 to 40 RE, J. Geophys. Res., 91, 4238–4244, 1986.
Fairfield, D. H. and Ness, N. F.: Magnetic field fluctuations
in the Earth’s magnetosheath, J. Geophys, Res., 75, 6050,
doi:10.1029/JA075i031p06050, 1970.
Fear, R. C., Palmroth, M., and Milan, S. E.: Seasonal and clock
angle control of the location of flux transfer event signa-
tures at the magnetopause, J. Geophys. Res., 117, A04202,
doi:10.1029/2011JA017235, 2012.
Filbert, P. C. and Kellogg, P. J.: Electrostatic noise at the plasma
frequency beyond the earth’s bow shock, J. Geophys. Res., 84,
1369–1381, 1979.
Fok, M.-C., Moore, T. E., Wilson, G. R., Perez, J. D., Zhang,
X. X., Brandt, P. C. Son, Mitchell, D. G., Roelof, E.
C., Jahn, J.-M., Pollock, C. J., and Wolf, R. A.: Global
ENA Image Simulations, Space Sci. Rev., 109, 77–103,
doi:10.1023/B:SPAC.0000007514.56380.fd, 2003.
Förster, M., Rentz, S., Köhler, W., Liu, H., and Haaland, S. E.:
IMF dependence of high-latitude thermospheric wind pattern de-
rived from CHAMP cross-track measurements, Ann. Geophys.,
26, 1581–1595, doi:10.5194/angeo-26-1581-2008, 2008.
Forsyth, C., Lester, M., Fear, R. C., Lucek, E., Dandouras, I., Faza-
kerley, A. N., Singer, H., and Yeoman, T. K.: Solar wind and
Ann. Geophys., 32, 705–737, 2014 www.ann-geophys.net/32/705/2014/
A. P. Walsh et al.: Dawn–dusk asymmetries 731
substorm excitation of the wavy current sheet, Ann. Geophys.,
27, 2457–2474, doi:10.5194/angeo-27-2457-2009, 2009.
Forsyth, C., Lester, M., Fazakerley, A. N., Owen, C. J., and Walsh,
A. P.: On the effect of line current width and relative position
on the multi-spacecraft curlometer technique, Planet. Space. Sci.,
59, 598–605, doi:10.1016/j.pss.2009.12.007, 2011.
Frank, L. A.: Direct detection of asymmetric increases of extrater-
restrial ring current: Proton intensities in the outer radiation zone,
J. Geophys. Res., 75, 1263, doi:10.1029/JA075i007p01263,
1970.
Frey, H. U. and Mende, S. B.: Substorm onsets as observed by
IMAGE-FUV, in: Proceedings of the Eighth International Con-
ference on Substorms (ICS-8), edited by: Syrjäsuo, M. T. and
Donovan, E., 71–75, University of Calgary, Alberta, Canada,
2007.
Frey, H. U., Mende, S. B., Angelopoulos, V., and Donovan, E. F.:
Substorm onset observations by IMAGE-FUV, J. Geophys. Res.,
109, A10304, doi:10.1029/2004JA010607, 2004.
Friedel, R. H. W., Korth, A., and Kremser, G.: Substorm on-
sets observed by CRRES: Determination of energetic par-
ticle source regions, J. Geophys. Res., 101, 13137–13154,
doi:10.1029/96JA00399, 1996.
Fujimoto, M. and Terasawa, T.: Anomalous ion mixing within
an MHD scale Kelvin–Helmholtz vortex, J. Geophys. Res., 99,
8601–8613, doi:10.1029/93JA02722, 1994.
Fujimoto, M. and Terasawa, T.: Anomalous ion mixing within an
MHD scale Kelvin–Helmholtz vortex. 2: Effects of inhomogene-
ity, J. Geophys. Res., 100, 12025, doi:10.1029/94JA02219, 1995.
Fujimoto, M., Terasawa, T., Mukai, T., Saito, Y., Yamamoto, T.,
and Kokubun, S.: Plasma entry from the flanks of the near-Earth
magnetotail: Geotail observations, J. Geophys. Res., 103, 4391–
4408, doi:10.1029/97JA03340, 1998.
Fuselier, S. A., Anderson, B. J., Gary, S. P., and Denton, R. E.: In-
verse correlations between the ion temperature anisotropy and
plasma beta in the Earth’s quasi-parallel magnetosheath, J. Geo-
phys. Res., 99, 14931–14936, doi:10.1029/94JA00865, 1994.
Gabrielse, C., Angelopoulos, V., Runov, A., and Turner, D. L.: The
effects of transient, localized electric fields on equatorial electron
acceleration and transport toward the inner magnetosphere, J.
Geophys. Res., 117, A10213, doi:10.1029/2012JA017873, 2012.
Gabrielse, C., Angelopoulos, V., Runov, A., and Turner, D.: Statisti-
cal characteristics of particle injections throughout the equatorial
magnetotail, J. Geophys. Res., 119, doi:10.1029/2012JA017873,
2014.
Ganushkina, N. Y., Pulkkinen, T. I., Sergeev, V. A., Kubyshkina,
M. V., Baker, D. N., Turner, N. E., Grande, M., Kellett, B.,
Fennell, J., Roeder, J., Sauvaud, J.-A., and Fritz, T. A.: En-
try of plasma sheet particles into the inner magnetosphere as
observed by Polar/CAMMICE, J. Geophys. Res., 105, 25205–
25220, doi:10.1029/2000JA900062, 2000.
Génot, V., Lucek, E., Dandouras, I., Jacquey, C., and Budnik,
E.: Mirror modes observed with cluster in the earth’s magne-
tosheath: statistical study and imf/solar wind dependence, World
Scientific, 19, 263–283, doi:10.1142/9789812836205_0019,
2009.
Goldstein, J., Sandel, B. R., Thomsen, M. F., Spasojevic´, M., and
Reiff, P. H.: Simultaneous remote sensing and in situ observa-
tions of plasmaspheric drainage plumes, J. Geophys. Res., 109,
A03202, doi:10.1029/2003JA010281, 2004.
Goldstein, J., Sandel, B. R., Forrester, W. T., Thomsen,
M. F., and Hairston, M. R.: Global plasmasphere evolu-
tion 22–23 April 2001, J. Geophys. Res., 110, A12218,
doi:10.1029/2005JA011282, 2005.
Gosling, J. T., Thomsen, M. F., Bame, S. J., and Russell,
C. T.: Ion reflection and downstream thermalization at the
quasi-parallel bow shock, J. Geophys. Res., 94, 10027–10037,
doi:10.1029/JA094iA08p10027, 1989.
Grebowsky, J. M.: Model study of plasmapause motion, J. Geophys.
Res., 75, 4329–4333, doi:10.1029/JA075i022p04329, 1970.
Greenstadt, E. W., Coroniti, F. V., Moses, S. L., Tsurutani, B. T.,
Omidi, N., Quest, K. B., and Krauss-Varban, D.: Weak, quasi-
parallel profiles of earth’s bow shock – A comparison between
numerical simulations and ISEE 3 observations on the far flank,
Geophys. Res. Lett., 18, 2301–2304, doi:10.1029/91GL02246,
2001.
Greenwald, R. A., Baker, K. B., Dudeney, J. R., Pinnock, M.,
Jones, T. B., Thomas, E. C., Villain, J.-P., Cerisier, J.-C., Se-
nior, C., Hanuise, C., Hunsucker, R. D., Sofko, G., Koehler, J.,
Nielsen, E., Pellinen, R., Walker, A. D. M., Sato, N., and Ya-
magishi, H.: Darn/Superdarn: A Global View of the Dynam-
ics of High-Lattitude Convection, Space Sci. Rev., 71, 761–796,
doi:10.1007/BF00751350, 1995.
Guild, T. B., Spence, H. E., Kepko, E. L., Merkin, V., Lyon, J. G.,
Wiltberger, M., and Goodrich, C. C.: Geotail and LFM compar-
isons of plasma sheet climatology: 1. Average values, J. Geo-
phys. Res., 113, A04216, doi:10.1029/2007JA012611, 2008.
Gutynska, O., Simunek, J., Šafránková, J., Neˇmecˇek, Z., and Prˇech,
L.: Multipoint study of magnetosheath magnetic field fluctua-
tions and their relation to the foreshock, J. Geophys. Res.-Space,
117, A04214, doi:10.1029/2011JA017240, 2012.
Haaland, S. and Gjerloev, J.: On the relation between asymmetries
in the ring current and magnetopause currents, J. Geophys. Res.,
118, 7593–7604, doi:10.1002/2013JA019345, 2013.
Haaland, S. E., Paschmann, G., Förster, M., Quinn, J. M., Torbert,
R. B., McIlwain, C. E., Vaith, H., Puhl-Quinn, P. A., and Klet-
zing, C. A.: High-latitude plasma convection from Cluster EDI
measurements: method and IMF-dependence, Ann. Geophys.,
25, 239–253, doi:10.5194/angeo-25-239-2007, 2007.
Haaland, S., Paschmann, G., Förster, M., Quinn, J., Torbert, R.,
Vaith, H., Puhl-Quinn, P., and Kletzing, C.: Plasma convection in
the magnetotail lobes: statistical results from Cluster EDI mea-
surements, Ann. Geophys., 26, 2371–2382, doi:10.5194/angeo-
26-2371-2008, 2008.
Hapgood, M. A.: Space physics coordinate transformations: A
user guide, Planet. Space Sci., 40, 711–717, doi:10.1016/0032-
0633(92)90012-D, 1992.
Harel, M., Wolf, R. A., Spiro, R. W., Reiff, P. H., Chen, C.-
K., Burke, W. J., Rich, F. J., and Smiddy, M.: Quantita-
tive simulation of a magnetospheric substorm. II – Com-
parison with observations, J. Geophys. Res., 86, 2242–2260,
doi:10.1029/JA086iA04p02242, 1981.
Harris, E. G.: On a plasma sheet separating regions of oppositely
directed magnetic field, Nuovo Cimento, 23, 151–121, 1962.
Hasegawa, A. and Chen, L.: Kinetic process of plasma heating
due to Alfvén wave excitation, Phys. Rev. Lett., 35, 370–373,
doi:10.1103/PhysRevLett.35.370, 1975.
www.ann-geophys.net/32/705/2014/ Ann. Geophys., 32, 705–737, 2014
732 A. P. Walsh et al.: Dawn–dusk asymmetries
Hasegawa, A. and Mima, K.: Anomalous transport produced by ki-
netic Alfven wave turbulence, J. Geophys. Res., 83, 1117–1123,
doi:10.1029/JA083iA03p01117, 1978.
Hasegawa, H.: Structure and Dynamics of the Magnetopause and Its
Boundary Layers, Monographs on Environment, Earth Planets,
1, 71–119, doi:10.5047/meep.2012.00102.0071, 2012.
Hasegawa, H., Fujimoto, M., Maezawa, K., Saito, Y., and Mukai,
T.: Geotail observations of the dayside outer boundary region:
Interplanetary magnetic field control and dawn-dusk asymmetry,
J. Geophys. Res., 108, 1163, doi:10.1029/2002JA009667, 2003.
Hasegawa, H., Fujimoto, M., Takagi, K., Saito, Y., Mukai, T.,
and RèMe, H.: Single-spacecraft detection of rolled-up Kelvin–
Helmholtz vortices at the flank magnetopause, J. Geophys. Res.,
111, A09203, doi:10.1029/2006JA011728, 2006.
Hesse, M. and Birn, J.: On dipolarization and its relation to the sub-
storm current wedge, J. Geophys. Res., 96, 19417–19426, 1991.
Hori, T., Maezawa, K., Saito, Y., and Mukai, T.: Average pro-
file of ion flow and convection electric field in the near-
Earth plasma sheet, Geophys. Res. Lett., 27, 1623–1626,
doi:10.1029/1999GL003737, 2000.
Horne, R. B. and Thorne, R. M.: Electron pitch angle diffusion
by electrostatic electron cyclotron harmonic waves: The ori-
gin of pancake distributions, J. Geophys. Res., 105, 5391–5402,
doi:10.1029/1999JA900447, 2000.
Howarth, A. and Yau, A. W.: The effects of IMF and
convection on thermal ion outflow in magnetosphere-
ionosphere coupling, J. Atmos. Terr. Phys., 70, 2132–2143,
doi:10.1016/j.jastp.2008.08.008, 2008.
Huba, J. D.: The Kelvin–Helmholtz instability: Finite Larmor radius
magnetohydrodynamics, Geophys. Res. Lett., 23, 2907–2910,
doi:10.1029/96GL02767, 1996.
Iijima, T. and Potemra, T. A.: Large-scale characteristics of field-
aligned currents associated with substorms, J. Geophys. Res., 83,
599–615, doi:10.1029/JA083iA02p00599, 1978.
Imber, S. M., Slavin, J. A., Auster, H. U., and Angelopou-
los, V.: A THEMIS survey of flux ropes and traveling com-
pression regions: Location of the near-Earth reconnection
site during solar minimum, J. Geophys. Res., 116, A02201,
doi:10.1029/2010JA016026, 2011.
Johnson, J. R. and Cheng, C. Z.: Kinetic Alfvén waves and plasma
transport at the magnetopause, Geophys. Res. Lett., 24, 1423–
1426, doi:10.1029/97GL01333, 1997.
Johnson, J. R. and Cheng, C. Z.: Stochastic ion heating at the mag-
netopause due to kinetic Alfvén waves, Geophys. Res. Lett., 28,
4421–4424, doi:10.1029/2001GL013509, 2001.
Johnson, J. R., Cheng, C. Z., and Song, P.: Signatures of mode con-
version and kinetic Alfvén waves at the magnetopause, Geophys.
Res. Lett., 28, 227–230, doi:10.1029/2000GL012048, 2001.
Juusola, L., Østgaard, N., and Tanskanen, E.: Statistics of
plasma sheet convection, J. Geophys. Res., 116, A08201,
doi:10.1029/2011JA016479, 2011.
Kawano, H. and Russell, C. T.: Survey of flux transfer events
observed with the ISEE 1 spacecraft: Rotational polarity
and the source region, J. Geophys. Res., 101, 27299–27308,
doi:10.1029/96JA02703, 1996.
Keesee, A. M., Buzulukova, N., Goldstein, J., Mccomas,
D. J., Scime, E. E., Spence, H., Fok, M. C., and Tallak-
sen, K.: Remote observations of ion temperatures in the
quiet time magnetosphere, Geophys. Res. Lett., 38, L03104,
doi:10.1029/2010GL045987, 2011.
Keesee, A. M., Elfritz, J. G., McComas, D. J., and Scime, E. E.:
Inner magnetosphere convection and magnetotail structure of hot
ions imaged by ENA during a HSS-driven storm, J. Geophys.
Res., 117, A00L06, doi:10.1029/2011JA017319, 2012.
Kervalishvili, G. N. and Lühr, H.: The relationship of thermo-
spheric density anomaly with electron temperature, small-scale
FAC, and ion up-flow in the cusp region, as observed by
CHAMP and DMSP satellites, Ann. Geophys., 31, 541–554,
doi:10.5194/angeo-31-541-2013, 2013.
Kissinger, J., McPherron, R. L., Hsu, T.-S., and Angelopoulos, V.:
Diversion of plasma due to high pressure in the inner magne-
tosphere during steady magnetospheric convection, J. Geophys.
Res., 117, A05206, doi:10.1029/2012JA017579, 2012.
Korth, H., Thomsen, M. F., Borovsky, J. E., and McComas, D. J.:
Plasma sheet access to geosynchronous orbit, J. Geophys. Res.,
104, 25047–25061, doi:10.1029/1999JA900292, 1999.
Lavraud, B., Thomsen, M. F., Lefebvre, B., Schwartz, S. J., Seki, K.,
Phan, T. D., Wang, Y. L., Fazakerley, A., Rème, H., and Balogh,
A.: Evidence for newly closed magnetosheath field lines at the
dayside magnetopause under northward IMF, J. Geophys. Res.,
111, A05211, doi:10.1029/2005JA011266, 2006.
Lazutin, L. L.: On radiation belt dynamics during magnetic storms,
Adv. Space Res., 49, 302–315, doi:10.1016/j.asr.2011.09.015,
2012.
Li, K., Haaland, S., Eriksson, A., André, M., Engwall, E., Wei, Y.,
Kronberg, E. A., Fränz, M., Daly, P. W., Zhao, H., and Ren, Q. Y.:
On the ionospheric source region of cold ion outflow, Geophys.
Res. Lett., 39, L18102, doi:10.1029/2012GL053297, 2012.
Li, K., Haaland, S., Eriksson, A., André, M., Engwall, E., Wei,
Y., Kronberg, E. A., Fränz, M., Daly, P. W., Zhao, H., and
Ren, Q. Y.: Transport of cold ions from the polar iono-
sphere to the plasma sheet, J. Geophys. Res., 118, 5467–5477,
doi:10.1002/jgra.50518, 2013.
Li, S. S., Angelopoulos, V., Runov, A., and Kiehas, S. A.: Azimuthal
extent and properties of midtail plasmoids from two-point
ARTEMIS observations at the Earth-Moon Lagrange points,
J. Geophys. Res., 119, 1781–1796, doi:10.1002/2013JA019292,
2014.
Li, W., Raeder, J., Thomsen, M. F., and Lavraud, B.: So-
lar wind plasma entry into the magnetosphere under north-
ward IMF conditions, J. Geophys. Res., 113, A04204,
doi:10.1029/2007JA012604, 2008a.
Li, W., Thorne, R. M., Meredith, N. P., Horne, R. B., Bortnik, J., Sh-
prits, Y. Y., and Ni, B.: Evaluation of whistler mode chorus am-
plification during an injection event observed on CRRES, J. Geo-
phys. Res.-Space, 113, A09210, doi:10.1029/2008JA013129,
2008b.
Li, W., Thorne, R. M., Angelopoulos, V., Bortnik, J., Cully, C. M.,
Ni, B., LeContel, O., Roux, A., Auster, U., and Magnes, W.:
Global distribution of whistler-mode chorus waves observed
on the THEMIS spacecraft, Geophys. Res. Lett., 36, L09104,
doi:10.1029/2009GL037595, 2009.
Liao, J., Kistler, L. M., Mouikis, C. G., Klecker, B., Dandouras, I.,
and Zhang, J.-C.: Statistical study of O+ transport from the cusp
to the lobes with Cluster CODIF data, J. Geophys. Res., 115,
A00J15, doi:10.1029/2010JA015613, 2010.
Ann. Geophys., 32, 705–737, 2014 www.ann-geophys.net/32/705/2014/
A. P. Walsh et al.: Dawn–dusk asymmetries 733
Liemohn, M.W., Ganushkina, N. Y., Katus, R. M., De Zeeuw, D. L.,
and Welling, D. T.: The magnetospheric banana current, J. Geo-
phys. Res., 118, 1009–1021, doi:10.1002/jgra.50153, 2013.
Liu, J., Angelopoulos, V., Runov, A., and Zhou, X.-Z.: On the cur-
rent sheets surrounding dipolarizing flux bundles in the magne-
totail: the case for wedgelets, J. Geophys. Res., 118, 2000–2020,
doi:10.1002/jgra.50092, 2013.
Longmore, M., Schwartz, S. J., Geach, J., Cooling, B. M. A., Dan-
douras, I., Lucek, E. A., and Fazakerley, A. N.: Dawn-dusk asym-
metries and sub-Alfvénic flow in the high and low latitude mag-
netosheath, Ann. Geophys., 23, 3351–3364, doi:10.5194/angeo-
23-3351-2005, 2005.
Lopez, R. E., Sibeck, D. G., McEntire, R. W., and Krimigis, S. M.:
The energetic ion substorm injection boundary, J. Geophys. Res.,
95, 109–117, doi:10.1029/JA095iA01p00109, 1990.
Lopez, R. E., Bruntz, R., Mitchell, E. J., Wiltberger, M., Lyon,
J. G., and Merkin, V. G.: Role of magnetosheath force balance in
regulating the dayside reconnection potential, J. Geophys. Res.-
Space, 115, A12216, doi:10.1029/2009JA014597, 2010.
Love, J. J. and Gannon, J. L.: RevisedDst and the epicycles of mag-
netic disturbance: 1958–2007, Ann. Geophys., 27, 3101–3131,
doi:10.5194/angeo-27-3101-2009, 2009.
Lucek, E. A., Constantinescu, D., Goldstein, M. L., Pickett, J.,
Pinçon, J. L., Sahraoui, F., Treumann, R. A., and Walker,
S. N.: The Magnetosheath, Space Sci. Rev., 118, 95–152,
doi:10.1007/s11214-005-3825-2, 2005.
Luhmann, J. G., Russell, C. T., and Elphic, R. C.: Spatial
distributions of magnetic field fluctuations in the day-
side magnetosheath, J. Geophys. Res., 91, 1711–1715,
doi:10.1029/JA091iA02p01711, 1986.
Luhmann, J. G., Zhang, T.-L., Petrinec, S. M., Russell, C. T., Gazis,
P., and Barnes, A.: Solar cycle 21 effects on the Interplanetary
Magnetic Field and related parameters at 0.7 and 1.0AU, J. Geo-
phys. Res., 98, 5559–5572, doi:10.1029/92JA02235, 1993.
Lui, A. T. Y.: Current disruption in the Earth’s magnetosphere:
Observations and models, J. Geophys. Res., 101, 13067–13088,
doi:10.1029/96JA00079, 1996.
Ma, Q., Li, W., Thorne, R. M., and Angelopoulos, V.: Global distri-
bution of equatorial magnetosonic waves observed by THEMIS,
Geophys. Res. Lett., 40, 1895–1901, doi:10.1002/grl.50434,
2013.
Manson, A. H., Luo, Y., and Meek, C.: Global distributions
of diurnal and semi-diurnal tides: observations from HRDI-
UARS of the MLT region, Ann. Geophys., 20, 1877–1890,
doi:10.5194/angeo-20-1877-2002, 2002.
Mauk, B. H. and Meng, C.-I.: Plasma injection during substorms,
Physica Scripta Volume T, 18, 128–139, doi:10.1088/0031-
8949/1987/T18/014, 1987.
McFadden, J. P., Carlson, C. W., Larson, D., Bonnell, J., Mozer,
F. S., Angelopoulos, V., Glassmeier, K.-H., and Auster, U.: Struc-
ture of plasmaspheric plumes and their participation in magne-
topause reconnection: First results from THEMIS, Geophys. Res.
Lett., 35, L17S10, doi:10.1029/2008GL033677, 2008.
McIlwain, C. E.: Ring current effects on trapped particles, J.
Geophys. Res., 71, 3623–3628, doi:10.1029/JZ071i015p03623,
1966.
McIlwain, C. E.: Substorm Injection Boundaries, in: Magneto-
spheric Physics, edited by: McCormac, B. M., Vol. 44 of As-
trophysics and Space Science Library, 143–154, 1974.
McPherron, R. L., Russell, C. T., and Aubry, M. A.: Satellite stud-
ies of magnetospheric substorms on August 15, 1968, 9, Phe-
nomenological model for substorms, J. Geophys. Res., 78, 3131–
3149, 1973.
McPherron, R. L., Weygand, J. M., and Hsu, T.-S.: Response of the
Earth’s magnetosphere to changes in the solar wind, J. Atmos.
Sol. Terr. Phys., 70, 303–315, doi:10.1016/j.jastp.2007.08.040,
2008.
McPherron, R. L., Hsu, T.-S., Kissinger, J., Chu, X., and An-
gelopoulos, V.: Characteristics of plasma flows at the inner
edge of the plasma sheet, J. Geophys. Res., 116, A00I33,
doi:10.1029/2010JA015923, 2011.
Meredith, N. P., Horne, R. B., Thorne, R. M., Summers, D., and
Anderson, R. R.: Substorm dependence of plasmaspheric hiss, J.
Geophys. Res., 109, A06209, doi:10.1029/2004JA010387, 2004.
Meredith, N. P., Horne, R. B., and Anderson, R. R.: Survey
of magnetosonic waves and proton ring distributions in the
Earth’s inner magnetosphere, J. Geophys. Res., 113, A06213,
doi:10.1029/2007JA012975, 2008.
Meredith, N. P., Horne, R. B., Thorne, R. M., and Anderson,
R. R.: Survey of upper band chorus and ECH waves: Impli-
cations for the diffuse aurora, J. Geophys. Res., 114, A07218,
doi:10.1029/2009JA014230, 2009.
Meziane, K., Wilber, M., Mazelle, C., LeQuéau, D., Kucharek, H.,
Lucek, E. A., Rème, H., Hamza, A. M., Sauvaud, J. A., Bosqued,
J. M., Dandouras, I., Parks, G. K., McCarthy, M., Klecker, B.,
Korth, A., Bavassano-Cattaneo, M. B., and Lundin, R. N.: Si-
multaneous observations of field-aligned beams and gyrating
ions in the terrestrial foreshock, J. Geophys. Res., 109, A05107,
doi:10.1029/2003JA010374, 2004.
Milillo, A., Orsini, S., Daglis, I. A., and Candidi, M.: Ring current
ion flows and convection electric field as expected from obser-
vations by SAC-B/ISENA, Geophys. Res. Lett., 23, 3285–3288,
doi:10.1029/96GL02925, 1996.
Millan, R. M. and Thorne, R. M.: Review of radiation belt rela-
tivistic electron losses, J. Atmos. Sol. Terr. Phys., 69, 362–377,
doi:10.1016/j.jastp.2006.06.019, 2007.
Min, K., Lee, J., Keika, K., and Li, W.: Global distribution of EMIC
waves derived from THEMIS observations, J. Geophys. Res.,
117, A05219, doi:10.1029/2012JA017515, 2012.
Morley, S. K., Ables, S. T., Sciffer, M. D., and Fraser, B. J.: Mul-
tipoint observations of Pc1-2 waves in the afternoon sector, J.
Geophys. Res., 114, A09205, doi:10.1029/2009JA014162, 2009.
Nagai, T.: Observed magnetic substorm signatures at synchronous
altitude, J. Geophys. Res., 87, 4405–4417, 1982.
Nagai, T., Fujimoto, M., Saito, Y., Machida, S., Terasawa, T., Naka-
mura, R., Yamamoto, T., Mukai, T., Nishida, A., and Kokubun,
S.: Structure and dynamics of magnetic reconnection for sub-
storm onsets with Geotail observations, J. Geophys. Res., 103,
4419–4440, doi:10.1029/97JA02190, 1998.
Nagai, T., Shinohara, I., Zenitani, S., Nakamura, R., Nakamura,
T. K. M., Fujimoto, M., Saito, Y., and Mukai, T.: Three-
dimensional structure of magnetic reconnection in the magne-
totail from Geotail observations, J. Geophys. Res., 118, 1667–
1678, doi:10.1002/jgra.50247, 2013.
Nagata, D., Machida, S., Ohtani, S., Saito, Y., and Mukai,
T.: Solar wind control of plasma number density in the
near-Earth plasma sheet, J. Geophys. Res., 112, A09204,
doi:10.1029/2007JA012284, 2007.
www.ann-geophys.net/32/705/2014/ Ann. Geophys., 32, 705–737, 2014
734 A. P. Walsh et al.: Dawn–dusk asymmetries
Nakamura, M., Paschmann, G., Baumjohann, W., and Sckopke, N.:
Ion distributions and flows near the neutral sheet, J. Geophys.
Res., 96, 5631–5649, doi:10.1029/90JA02495, 1991.
Nakamura, R., Baumjohann, W., Klecker, B., Bogdanova, Y.,
Balogh, A., Rème, H., Bosqued, J. M., Dandouras, I., Sauvaud,
J. A., Glassmeier, K.-H., Kistler, L., Mouikis, C., Zhang, T. L.,
Eichelberger, H., and Runov, A.: Motion of the dipolarization
front during a flow burst event observed by Cluster, Geophys.
Res. Lett., 29, 1942, doi:10.1029/2002GL015763, 2002.
Nakamura, R., Baumjohann, W., Mouikis, C., Kistler, L. M.,
Runov, A., Volwerk, M., Asano, Y., Vörös, Z., Zhang, T. L.,
Klecker, B., Rème, H., and Balogh, A.: Spatial scale of high-
speed flows in the plasma sheet observed by Cluster, Geophys.
Res. Lett., 31, L09804, doi:10.1029/2004GL019558, 2004.
Ness, N. F., Behannon, K. W., Cantarano, S. C., and Scearce, C. S.:
Observations of the Earth’s Magnetic Tail and Neutral Sheet at
510,000 Kilometers by Explorer 33, J. Geophys. Res., 72, 927–
933, doi:10.1029/JZ072i003p00927, 1967.
Newell, P. T. and Gjerloev, J. W.: SuperMAG-based par-
tial ring current indices, J. Geophys. Res., 117, A05215,
doi:10.1029/2012JA017586, 2012.
Nishino, M. N., Fujimoto, M., Terasawa, T., Ueno, G., Maezawa,
K., Mukai, T., and Saito, Y.: Geotail observations of tempera-
ture anisotropy of the two-component protons in the dusk plasma
sheet, Ann. Geophys., 25, 769–777, doi:10.5194/angeo-25-769-
2007, 2007a.
Nishino, M. N., Fujimoto, M., Ueno, G., Maezawa, K., Mukai, T.,
and Saito, Y.: Geotail observations of two-component protons
in the midnight plasma sheet, Ann. Geophys., 25, 2229–2245,
doi:10.5194/angeo-25-2229-2007, 2007b.
Nishino, M. N., Hasegawa, H., Fujimoto, M., Saito, Y., Mukai, T.,
Dandouras, I., Rème, H., Retinò, A., Nakamura, R., Lucek, E.,
and Schwartz, S. J.: A case study of Kelvin–Helmholtz vortices
on both flanks of the Earth’s magnetotail, Planet. Space Sci., 59,
502–509, doi:10.1016/j.pss.2010.03.011, 2011.
Noda, H., Baumjohann, W., Nakamura, R., Torkar, K., Paschmann,
G., Vaith, H., Puhl-Quinn, P., Förster, M., Torbert, R., and Quinn,
J. M.: Tail lobe convection observed by Cluster/EDI, J. Geophys.
Res., 108, 1288, doi:10.1029/2002JA009669, 2003.
Neˇmecˇek, Z., Šafránková, J., Zastenker, G. N., Pišoft, P., and
Paularena, K. I.: Spatial distribution of the magnetosheath
ion flux, Adv. Sp. Res., 30, 2751–2756, doi:10.1016/S0273-
1177(02)80402-1, 2002.
Ohtani, S. I., Shay, M. A., and Mukai, T.: Temporal structure of the
fast convective flow in the plasma sheet: Comparison between
observations and two-fluid simulations, J. Geophys. Res., 109,
A03210, doi:10.1029/2003JA010002, 2004.
Ohtani, S., Nosé, M., Christon, S. P., and Lui, A. T. Y.: Ener-
getic O+ and H+ ions in the plasma sheet: Implications for the
transport of ionospheric ions, J. Geophys. Res., 116, A10211,
doi:10.1029/2011JA016532, 2011.
Olson, W. P. and Pfitzer, K. A.: Magnetospheric responses to the
gradient drift entry of solar wind plasma, J. Geophys. Res., 90,
10823, doi:10.1029/JA090iA11p10823, 1985.
Omidi, N., Sibeck, D. G., and Blanco-Cano, X.: Foreshock
compressional boundary, J. Geophys. Res., 114, A08205,
doi:10.1029/2008JA013950, 2009.
Østgaard, N., Laundal, K. M., Juusola, L., Asnes, A., Haaland, S. E.,
and Weygand, J. M.: Interhemispherical asymmetry of substorm
onset locations and the interplanetary magnetic field, Geophys.
Res. Lett., 38, L08104, doi:10.1029/2011GL046767, 2011.
Paschmann, G., Quinn, J. M., Torbert, R. B., Vaith, H., McIlwain,
C. E., Haerendel, G., Bauer, O. H., Bauer, T., Baumjohann, W.,
Fillius, W., Förster, M., Frey, S., Georgescu, E., Kerr, S. S.,
Kletzing, C. A., Matsui, H., Puhl-Quinn, P., and Whipple, E.
C.: The Electron Drift Instrument on Cluster: overview of first
results, Ann. Geophys., 19, 1273–1288, doi:10.5194/angeo-19-
1273-2001, 2001.
Paularena, K. I., Richardson, J. D., Kolpak, M. A., Jackson,
C. R., and Siscoe, G. L.: A dawn-dusk density asymmetry in
Earth’s magnetosheath, J. Geophys. Res., 106, 25377–25394,
doi:10.1029/2000JA000177, 2001.
Petrinec, S. M.: On the magnetic field configuration of the
magnetosheath, Terr. Atmos. Ocean. Sci., 24, 265–272,
doi:10.3319/TAO.2012.10.17.02(SEC), 2013.
Petrukovich, A. A., Artemyev, A. V., Malova, H. V., Popov, V. Y.,
Nakamura, R., and Zelenyi, L. M.: Embedded current sheets
in the Earth’s magnetotail, J. Geophys. Res., 116, A00I25,
doi:10.1029/2010JA015749, 2011.
Pollock, C. J., Chandler, M. O., Moore, T. E., Chappell,
C. R., and Waite Jr., J. H.: A survey of upwelling ion
event characteristics, J. Geophys. Res., 95, 18969–18980,
doi:10.1029/JA095iA11p18969, 1990.
Pritchett, P. L. and Coroniti, F. V.: A kinetic ballooning/interchange
instability in the magnetotail, J. Geophys. Res., 115, A06301,
doi:10.1029/2009JA014752, 2010.
Pulkkinen, T. I., Baker, D. N., Mitchell, D. G., McPherron, R. L.,
Huang, C. Y., and Frank, L. A.: Thin current sheets in the mag-
netotail during substorms: CDAW 6 revisited, J. Geophys. Res.,
99, 5793–5803, doi:10.1029/93JA03234, 1994.
Raj, A., Phan, T., Lin, R. P., and Angelopoulos, V.: Wind
survey of high-speed bulk flows and field-aligned beams in
the near-Earth plasma sheet, J. Geophys. Res., 107, 1419,
doi:10.1029/2001JA007547, 2002.
Rees, D.: Rocket measurements of annual mean prevailing, diur-
nal and semi-diurnal winds in the lower thermosphere at mid-
latitudes, J. Geomagn. Geoelectr., 31, 253–265, 1979.
Reeves, G. D., Chan, A., and Rodger, C.: New Directions
for Radiation Belt Research, Space Weather, 7, S07004,
doi:10.1029/2008SW000436, 2009.
Richard, R. L., Walker, R. J., and Ashour-Abdalla, M.: The popu-
lation of the magnetosphere by solar winds ions when the inter-
planetary magnetic field is northward, Geophys. Res. Lett., 21,
2455–2458, doi:10.1029/94GL01427, 1994.
Ridley, A. J., Gombosi, T. I., and DeZeeuw, D. L.: Ionospheric
control of the magnetosphere: conductance, Ann. Geophys., 22,
567–584, doi:10.5194/angeo-22-567-2004, 2004.
Rong, Z. J., Wan, W. X., Shen, C., Li, X., Dunlop, M. W.,
Petrukovich, A. A., Zhang, T. L., and Lucek, E.: Statistical sur-
vey on the magnetic structure in magnetotail current sheets, J.
Geophys. Res., 116, A09218, doi:10.1029/2011JA016489, 2011.
Runov, A., Sergeev, V. A., Baumjohann, W., Nakamura, R., Ap-
atenkov, S., Asano, Y., Volwerk, M., Vörös, Z., Zhang, T. L.,
Petrukovich, A., Balogh, A., Sauvaud, J.-A., Klecker, B., and
Rème, H.: Electric current and magnetic field geometry in flap-
ping magnetotail current sheets, Ann. Geophys., 23, 1391–1403,
doi:10.5194/angeo-23-1391-2005, 2005.
Ann. Geophys., 32, 705–737, 2014 www.ann-geophys.net/32/705/2014/
A. P. Walsh et al.: Dawn–dusk asymmetries 735
Runov, A., Sergeev, V. A., Nakamura, R., Baumjohann, W., Ap-
atenkov, S., Asano, Y., Takada, T., Volwerk, M., Vörös, Z.,
Zhang, T. L., Sauvaud, J.-A., Rème, H., and Balogh, A.: Local
structure of the magnetotail current sheet: 2001 Cluster observa-
tions, Ann. Geophys., 24, 247–262, doi:10.5194/angeo-24-247-
2006, 2006.
Runov, A., Angelopoulos, V., Ganushkina, N., Nakamura, R., Mc-
Fadden, J., Larson, D., Dandouras, I., Glassmeier, K.-H., and
Carr, C.: Multi-point observations of the inner boundary of the
plasma sheet during geomagnetic disturbances, Geophys. Res.
Lett., 35, L17S23, doi:10.1029/2008GL033982, 2008.
Runov, A., Angelopoulos, V., Sitnov, M. I., Sergeev, V. A.,
Bonnell, J., McFadden, J. P., Larson, D., Glassmeier, K.-
H., and Auster, U.: THEMIS observations of an earthward-
propagating dipolarization front, Geophys. Res. Lett., 36,
L14106, doi:10.1029/2009GL038980, 2009.
Runov, A., Angelopoulos, V., Zhou, X.-Z., Zhang, X.-J., Li, S.,
Plaschke, F., and Bonnell, J.: A THEMIS multicase study of
dipolarization fronts in the magnetotail plasma sheet, J. Geophys.
Res., 116, A05216, doi:10.1029/2010JA016316, 2011.
Runov, A., Angelopoulos, V., and Zhou, X.-Z.: Multipoint
observations of dipolarization front formation by mag-
netotail reconnection, J. Geophys. Res., 117, A05230,
doi:10.1029/2011JA017361, 2012.
Runov, A., Angelopoulos, V., Gabrielse, C., Zhou, X.-Z., Turner,
D., and Plaschke, F.: Electron fluxes and pitch-angle distribu-
tions at dipolarization fronts: THEMIS multipoint observations,
J. Geophys. Res., 118, 744–755, doi:10.1002/jgra.50121, 2013.
Ruohoniemi, J. M. and Greenwald, R. A.: Dependencies of
high-latitude plasma convection: Consideration of interplan-
etary magnetic field, seasonal, and universal time fac-
tors in statistical patterns, J. Geophys. Res., 110, A09204,
doi:10.1029/2004JA010815, 2005.
Russell, C. T. and McPherron, R. L.: The magnetotail and Sub-
storms, Space Sci. Rev., 15, 205–266, 1973.
Sandel, B. R., King, R. A., Forrester, W. T., Gallagher, D. L., Broad-
foot, A. L., and Curtis, C. C.: Initial results from the IMAGE Ex-
treme Ultraviolet Imager, Geophys. Res. Lett., 28, 1439–1442,
doi:10.1029/2001GL012885, 2001.
Santolík, O., Neˇmec, F., Gereová, K., Macúšová, E., de Conchy,
Y., and Cornilleau-Wehrlin, N.: Systematic analysis of equato-
rial noise below the lower hybrid frequency, Ann. Geophys., 22,
2587–2595, doi:10.5194/angeo-22-2587-2004, 2004.
Sarris, E. T., Krimigis, S. M., and Armstrong, T. P.: Observations
of magnetospheric bursts of high-energy protons and electrons at
approximately 35 earth radii with Imp 7, J. Geophys. Res., 81,
2341–2355, doi:10.1029/JA081i013p02341, 1976.
Schindler, K.: A theory of the substorm mechanism, J. Geophys.
Res., 79, 2803, doi:10.1029/JA079i019p02803, 1974.
Schödel, R., Baumjohann, W., Nakamura, R., Sergeev, V. A., and
Mukai, T.: Rapid flux transport in the central plasma sheet, J.
Geophys. Res., 106, 301–313, 2001.
Schulz, M. and Lanzerotti, L. J.: Particle diffusion in the radiation
belts, Springer, 1974.
Schwartz, S. J., Burgess, D., and Moses, J. J.: Low-frequency waves
in the Earth’s magnetosheath: present status, Ann. Geophys., 14,
1134–1150, doi:10.1007/s00585-996-1134-z, 1996.
Seki, K., Hirahara, M., Hoshino, M., Terasawa, T., Elphic, R. C.,
Saito, Y., Mukai, T., Hayakawa, H., Kojima, H., and Matsumoto,
H.: Cold ions in the hot plasma sheet of Earth’s magnetotail.,
Nature, 422, 589–92, doi:10.1038/nature01502, 2003.
Sergeev, V., Elphic, R. C., Mozer, F. S., Saint-Marc, A., and
Sauvaud, J.-A.: A two-satellite study of nightside flux transfer
events in the plasma sheet, Planet. Space Sci., 40, 1551–1572,
1992.
Sergeev, V. A., Sormakov, D. A., Apatenkov, S. V., Baumjohann,
W., Nakamura, R., Runov, A. V., Mukai, T., and Nagai, T.: Sur-
vey of large-amplitude flapping motions in the midtail current
sheet, Ann. Geophys., 24, 2015–2024, doi:10.5194/angeo-24-
2015-2006, 2006.
Sergeev, V., Yahnin, D., Liou, K., Thomsen, M., and Reeves,
G.: Narrow Plasma Streams as a Candidate to Populate the
Inner Magnetosphere, 55–60, American Geophysical Union,
doi:10.1029/155GM07, 2013.
Shen, C., Li, X., Dunlop, M., Shi, Q. Q., Liu, Z. X.,
Lucek, E., and Chen, Z. Q.: Magnetic field rotation anal-
ysis and the applications, J. Geophys. Res., 112, A06211,
doi:10.1029/2005JA011584, 2007.
Shen, C., Liu, Z. X., Li, X., Dunlop, M., Lucek, E., Rong, Z. J.,
Chen, Z. Q., Escoubet, C. P., Malova, H. V., Lui, A. T. Y., Faza-
kerley, A., Walsh, A. P., and Mouikis, C.: Flattened current sheet
and its evolution in substorms, J. Geophys. Res.-Space, 113,
A07S21, doi:10.1029/2007JA012812, 2008.
Shevyrev, N. N., Zastenker, G. N., and Du, J.: Statistics of
low-frequency variations in solar wind, foreshock and magne-
tosheath: INTERBALL-1 and CLUSTER data, Planet. Space
Sci., 55, 2330–2335, doi:10.1016/j.pss.2007.05.014, 2007.
Shi, Y., Zesta, E., Lyons, L. R., Boudouridis, A., Yumoto, K.,
and Kitamura, K.: Effect of solar wind pressure enhancements
on storm time ring current asymmetry, J. Geophys. Res., 110,
A10205, doi:10.1029/2005JA011019, 2005.
Shi, Y., Zesta, E., and Lyons, L. R.: Modeling magnetospheric cur-
rent response to solar wind dynamic pressure enhancements dur-
ing magnetic storms: 2. Application to different storm phases, J.
Geophys. Res., 113, A10219, doi:10.1029/2008JA013420, 2008.
Shiokawa, K., Baumjohann, W., and Haerendel, G.: Braking of
high-speed flows in the near-Earth tail, Geophys. Res. Lett., 24,
1179–1182, doi:10.1029/97GL01062, 1997.
Sibeck, D. G. and Gosling, J. T.: Magnetosheath density fluctua-
tions and magnetopause motion, J. Geophys. Res., 101, 31–40,
doi:10.1029/95JA03141, 1996.
Slavin, J. A., Smith, E. J., Sibeck, D. G., Baker, D. N., and
Zwickl, R. D.: An ISEE 3 study of average and substorm con-
ditions in the distant magnetotail, J. Geophys. Res., 90, 10875,
doi:10.1029/JA090iA11p10875, 1985.
Slavin, J. A., Tanskanen, E. I., Hesse, M., Owen, C. J., Dun-
lop, M. W., Imber, S., Lucek, E. A., Balogh, A., and Glass-
meier, K.-H.: Cluster observations of traveling compression re-
gions in the near-tail, J. Geophys. Res.-Space, 110, A06207,
doi:10.1029/2004JA010878, 2005.
Smith, R. H.: Effects of Ionospheric Conductance on
Magnetosphere-Ionosphere Coupling, Master’s thesis, Thayer
School of Engineering, Dartmouth College, Hanover, New
Hampshire, 2012.
Song, P. and Russell, C. T.: Model of the formation of the
low-latitude boundary layer for strongly northward inter-
planetary magnetic field, J. Geophys. Res., 97, 1411–1420,
doi:10.1029/91JA02377, 1992.
www.ann-geophys.net/32/705/2014/ Ann. Geophys., 32, 705–737, 2014
736 A. P. Walsh et al.: Dawn–dusk asymmetries
Sonnerup, B. U. O., Haaland, S. E., and Paschmann, G.: Discontinu-
ity Orientation, Motion, and Thickness, ISSI Scientific Reports
Series, 8, 1–16, 2008.
Spasojevic´, M., Frey, H. U., Thomsen, M. F., Fuselier, S. A., Gary,
S. P., Sandel, B. R., and Inan, U. S.: The link between a detached
subauroral proton arc and a plasmaspheric plume, Geophys. Res.
Lett., 31, L04803, doi:10.1029/2003GL018389, 2004.
Speiser, T. W. and Ness, N. F.: The Neutral Sheet in the Geomag-
netic Tail: Its Motion, Equivalent Currents, and Field Line Con-
nection through It, J. Geophys. Res., 72, 131–141, 1967.
Spence, H. E. and Kivelson, M. G.: The variation of the plasma
sheet polytropic index along the midnight meridian in a fi-
nite width magnetotail, Geophys. Res. Lett., 17, 591–594,
doi:10.1029/GL017i005p00591, 1990.
Spence, H. and Kivelson, M.: Contributions of the low-latitude
boundary layer to the finite width magnetotail convection model,
J. Geophys. Res., 98, 15487–15496, 1993.
Summers, D., Thorne, R. M., and Xiao, F.: Relativistic theory of
wave-particle resonant diffusion with application to electron ac-
celeration in the magnetosphere, J. Geophys. Res., 103, 20487–
20500, doi:10.1029/98JA01740, 1998.
Tanaka, T.: Interplanetary magnetic field By and auroral conduc-
tance effects on high-latitude ionospheric convection patterns, J.
Geophys. Res., 106, 24505–24516, doi:10.1029/2001JA900061,
2001.
Taylor, M. G. G. T., Hasegawa, H., Lavraud, B., Phan, T., Escoubet,
C. P., Dunlop, M. W., Bogdanova, Y. V., Borg, A. L., Volwerk,
M., Berchem, J., Constantinescu, O. D., Eastwood, J. P., Masson,
A., Laakso, H., Soucek, J., Fazakerley, A. N., Frey, H. U., Panov,
E. V., Shen, C., Shi, J. K., Sibeck, D. G., Pu, Z. Y., Wang, J., and
Wild, J. A.: Spatial distribution of rolled up Kelvin–Helmholtz
vortices at Earth’s dayside and flank magnetopause, Ann. Geo-
phys., 30, 1025–1035, doi:10.5194/angeo-30-1025-2012, 2012.
Thomsen, M. F., Birn, J., Borovsky, J. E., Morzinski, K., McComas,
D. J., and Reeves, G. D.: Two-satellite observations of substorm
injections at geosynchronous orbit, J. Geophys. Res., 106, 8405–
8416, 2001.
Thorne, R. M.: Radiation belt dynamics: The importance of
wave-particle interactions, Geophys. Res. Lett., 37, L22107,
doi:10.1029/2010GL044990, 2010.
Treumann, R. A. and Baumjohann, W.: Particle trapping at a tan-
gential discontinuity – Multiple incidence, Planet. Space. Sci.,
36, 1477–1484, doi:10.1016/0032-0633(88)90013-X, 1988.
Tsurutani, B. T. and Smith, E. J.: Postmidnight chorus:
A substorm phenomenon, J. Geophys. Res., 79, 118–127,
doi:10.1029/JA079i001p00118, 1974.
Tsyganenko, N. A. and Mukai, T.: Tail plasma sheet models de-
rived from Geotail particle data, J. Geophys. Res., 108, 1136,
doi:10.1029/2002JA009707, 2003.
Tsyganenko, N. A., Singer, H. J., and Kasper, J. C.: Storm-time
distortion of the inner magnetosphere: How severe can it get?, J.
Geophys. Res., 108, 1209, doi:10.1029/2002JA009808, 2003.
Usanova, M. E., Darrouzet, F., Mann, I. R., and Bortnik, J.:
Statistical analysis of EMIC waves in plasmaspheric plumes
from Cluster observations, J. Geophys. Res., 118, 4946–4951,
doi:10.1002/jgra.50464, 2013.
Verigin, M. I., Tátrallyay, M., Erdo˝s, G., and Kotova, G. A.:
Magnetosheath Interplanetary medium reference frame: Appli-
cation for a statistical study of mirror type waves in the ter-
restrial plasma environment, Adv. Space Res., 37, 515–521,
doi:10.1016/j.asr.2005.03.042, 2006.
Walsh, A. P., Fazakerley, A. N., Forsyth, C., Owen, C. J., Tay-
lor, M. G. G. T., and Rae, I. J.: Sources of electron pitch an-
gle anisotropy in the magnetotail plasma sheet, J. Geophys. Res.,
118, 6042–6054, doi:10.1002/jgra.50553, 2013.
Walsh, B. M., Sibeck, D. G., Wang, Y., and Fairfield, D. H.: Dawn-
dusk asymmetries in the Earth’s magnetosheath, J. Geophys.
Res., 117, A12211, doi:10.1029/2012JA018240, 2012.
Walsh, B. M., Sibeck, D. G., Nishimura, Y., and Angelopou-
los, V.: Statistical analysis of the plasmaspheric plume
at the magnetopause, J. Geophys. Res., 118, 4844–4851,
doi:10.1002/jgra.50458, 2013.
Walters, G. K.: Effect of Oblique Interplanetary Magnetic Field on
Shape and Behavior of the Magnetosphere, J. Geophys. Res., 69,
1769–1783, doi:10.1029/JZ069i009p01769, 1964.
Wang, C.-P., Lyons, L. R., Weygand, J. M., Nagai, T., and McEn-
tire, R. W.: Equatorial distributions of the plasma sheet ions, their
electric and magnetic drifts, and magnetic fields under different
interplanetary magnetic field Bz conditions, J. Geophys. Res.,
111, A04215, doi:10.1029/2005JA011545, 2006.
Wang, C.-P., Lyons, L. R., Nagai, T., Weygand, J. M., and McEn-
tire, R. W.: Sources, transport, and distributions of plasma sheet
ions and electrons and dependences on interplanetary parameters
under northward interplanetary magnetic field, J. Geophys. Res.,
112, A10224, doi:10.1029/2007JA012522, 2007.
Wang, H., Lühr, H., Ma, S. Y., and Ritter, P.: Statistical study
of the substorm onset: its dependence on solar wind param-
eters and solar illumination, Ann. Geophys., 23, 2069–2079,
doi:10.5194/angeo-23-2069-2005, 2005.
Wang, Y. L., Elphic, R. C., Lavraud, B., Taylor, M. G. G. T., Birn,
J., Russell, C. T., Raeder, J., Kawano, H., and Zhang, X. X.: De-
pendence of flux transfer events on solar wind conditions from
3 years of Cluster observations, J. Geophys. Res.-Space, 111,
A04224, doi:10.1029/2005JA011342, 2006.
Williams, D. J., Arens, J. F., and Lanzerotti, L. J.: Observations of
trapped electrons at low and high altitudes, J. Geophys. Res., 73,
5673, doi:10.1029/JA073i017p05673, 1968.
Wing, S., Johnson, J. R., Newell, P. T., and Meng, C.-I.: Dawn-
dusk asymmetries, ion spectra, and sources in the northward in-
terplanetary magnetic field plasma sheet, J. Geophys. Res., 110,
A08205, doi:10.1029/2005JA011086, 2005.
Wing, S., Gkioulidou, M., Johnson, J. R., Newell, P. T.,
and Wang, C.-P.: Auroral particle precipitation characterized
by the substorm cycle, J. Geophys. Res., 118, 1022–1039,
doi:10.1002/jgra.50160, 2013.
Wolf, R. A., Wan, Y., Xing, X., Zhang, J.-C., and Sazykin, S.:
Entropy and plasma sheet transport, J. Geophys. Res., 114,
A00D05, doi:10.1029/2009JA014044, 2009.
Wu, C. C.: MHD flow past an obstacle - Large-scale flow
in the magnetosheath, Geophys. Res. Lett., 19, 87–90,
doi:10.1029/91GL03007, 1992.
Yao, Y., Chaston, C. C., Glassmeier, K.-H., and Angelopou-
los, V.: Electromagnetic waves on ion gyro-radii scales
across the magnetopause, Geophys. Res. Lett., 38, L09102,
doi:10.1029/2011GL047328, 2011.
Yau, A. W., Whalen, B. A., Peterson, W. K., and Shelley, E. G.:
Distribution of upflowing ionospheric ions in the high-altitude
Ann. Geophys., 32, 705–737, 2014 www.ann-geophys.net/32/705/2014/
A. P. Walsh et al.: Dawn–dusk asymmetries 737
polar cap and auroral ionosphere, J. Geophys. Res., 89, 5507–
5522, doi:10.1029/JA089iA07p05507, 1984.
Yau, A. W., Howarth, A., Peterson, W. K., and Abe, T.: Transport
of thermal-energy ionospheric oxygen (O+) ions between the
ionosphere and the plasma sheet and ring current at quiet times
preceding magnetic storms, J. Geophys. Res., 117, A07215,
doi:10.1029/2012JA017803, 2012.
Yuan, Z., Xiong, Y., Wang, D., Li, M., Deng, X., Yahnin, A. G.,
Raita, T., and Wang, J.: Characteristics of precipitating ener-
getic ions/electrons associated with the wave-particle interac-
tion in the plasmaspheric plume, J. Geophys. Res., 117, A08324,
doi:10.1029/2012JA017783, 2012.
Zaharia, S., Cheng, C. Z., and Johnson, J. R.: Particle transport and
energization associated with substorms, J. Geophys. Res., 105,
18741–18752, doi:10.1029/1999JA000407, 2000.
Zhang, B., Lotko, W., Brambles, O., Damiano, P., Wiltberger, M.,
and Lyon, J.: Magnetotail origins of auroral Alfvénic power, J.
Geophys. Res., 117, A09205, doi:10.1029/2012JA017680, 2012.
Zhang, T. L., Nakamura, R., Volwerk, M., Runov, A., Baumjohann,
W., Eichelberger, H. U., Carr, C., Balogh, A., Sergeev, V., Shi,
J. K., and Fornacon, K.-H.: Double Star/Cluster observation of
neutral sheet oscillations on 5 August 2004, Ann. Geophys., 23,
2909–2914, doi:10.5194/angeo-23-2909-2005, 2005.
Zhang, T. L., Baumjohann, W., Nakamura, R., Runov, A., Vol-
werk, M., Asano, Y., Vörös, Z., Eichelberger, H.-U., Sergeev,
V., Shi, J. K., and Balogh, A.: A statistical survey of the
magnetotail current sheet, Adv. Space Res., 38, 1834–1837,
doi:10.1016/j.asr.2006.05.009, 2006.
www.ann-geophys.net/32/705/2014/ Ann. Geophys., 32, 705–737, 2014
